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PREFACE 


The  cffcels  ol  blowing  (lii«;t  iiiul  synd  h;ive  long  been  rccogni/cd  as  having  a  major  influence  on  miliiar>'  operations. 
A  b<K)k  published  ir.  (ireai  Britain  during  World  War  II.  lor  example,  noted  that  the  presence  of  large-scale  military 
operations  in  the  '■•.;iiara  and  the  hKiseniiig  of  the  desert  surface  had  increased  the  likelihood  of  dusistorms 
considerably  (NAVENVPRF.DRSCHFAC,  IWO).  A  ll.S.  Army  manual  states  that  "dust  and  sand  in  the  air  may  be 
the  single  most  destructive  environmental  clement  to  military  equipment"  (Htwek,  1984). 

A  great  deal  of  information  on  airborne  dust  and  sand  has  been  published  in  periodical  literature,  most  during  the 
last  21)  years.  This  report  uses  that  information,  along  with  the  author’s  personal  experience  in  the  desert,  to  prwlucc 
what  we  hope  to  be  a  comprehensive  and  us''ful  handbrx'k  on  the  subject. 

The  area  to  be  discussed  here  includes  Iraq,  Kuwait,  Syria,  eastern  Jordan,  western  Iran,  and  the  northern  Arabian 
Peninsula.  Part  I  discusses  the  geography  of  the  study  area  and  touches  on  seasonal  climatology.  Part  2  describes 
the  major  types  of  dusistorms  that  (Kcur  across  the  Middle  East.  Part  .1  gives  specific  source  areas  from  which  dust 
and  sandstorms  originate.  Pan  4  provides  some  dusisiorm  forecasting  tips  and  rules  of  thitmb.  Part  5  discusses 
methcKls  available  for  enhancing  the  appearance  of  sand  on  satellite  imagery,  while  Parts  6-1 1  provide  actual 
examples  of  satellite  imagery  show  ing  airborne  dust  and  sand. 
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1.  GEOGRAPHY 


1.1  THE  STUDY  AREA  DEFINED  AND  DESCRIBED 

The  area  of  the  Middle  East  to  oe  discussed  here  includes  Iraq,  Kuwait,  Syria,  eastern  Jordan,  western  Iran,  and  the 
northern  Arabian  Peninsula.  Figure  l-l  is  a  map  of  the  study  area,  which  shows  the  four  major  regions  into  which  it 
is  divided.  The  first  of  the.se,  .known  as  the  "Syrian  Desert,"  compri.ses  that  part  of  Iraq  southwest  of  the  Euphrates 
River,  northern  Saudi  Arabia,  eastern  Syria,  and  eastern  Jordan.  This  is  primarily  a  "pebble  desert,”  with  little 
vegetation  except  along  seasonal  wadis  (dry  stream  beds).  That  part  of  Iraq  that  lies  between  the  Tigris  and 
Euphrates  Rivers  northwest  of  the  city  of  Baghdad  is  knowr*  as  "al  jasrah”  (or  "Jazirah"),  Arabic  for  "the  island." 
Ea.st  of  the  Tigris  river  in  northeastern  Iraq  and  northwestern  Iran  are  the  foothills  of  the  Zagros  Mountains;  this 
region  is  known  as  "Kurdistan,"  for  the  large  number  of  Kurdish  people  who  have  .settled  there.  The  last  'egion  lies 
in  the  southeastern  tip  of  Iraq  and  includes  the  we^stem  plains  of  Iran  just  north  of  the  Persian  Gulf  to  the  est  of  the 
Zagros  Mountains;  it  is  called  "Khuzistaii,"  for  a  province  of  Iran. 

1.2  WATER  FEATURES 

Figure  1-2  gives  the  locations  of  rivers,  lakes,  and  a  few  of  the  smaller  mountain  areas  net  associated  with  the 
Zagros  Mountains.  These  lakes  and  rivers  are  prominent  in  visual  satellite  imagery  and  therefore  instrumental  in 
locating  blowing  dust  and  sand. 

1.3  MAPS 

A  few  good  maps,  with  varying  scales  arul  differing  degrees  of  resolution,  are  available  for  the  region.  Maps  with 
higher  resolution  are  available,  but  for  normal  use  these  are  best.  They  are  all  available  from  the  Defense  Mapping 
Agency  (DMA),  8613  Lee  Highway.  Fairfax,  VA  22031-2137,  DSN  287-2495,  commercial  301  227-2495. 

GNC  12  1:5,000,000  Middle  RasI,  Northeast  Africa,  South  Asia.  Excellent  depiction  of  lava  flows  visible 

on  satellite  imagery  over  Saudi  Arabia. 

JNC35  1:2,000,000  Middle  East.  Good  depiction  of  wadis  and  regional  lakes. 

ONC  H-<  1:1,000,000  South  Iraq,  West  Iran,  Northeast  Saudi  Arabia,  Persian  Gulf.  Good  terrain  detail. 

ONCG-4  1:1,000,000  North  Iraq.  Syria.  Good  terrain  detail. 

Another  map  (British)  covers  the  Middle  East  in  subsienliai  detail  and  provides  a  superb  look  at  regional  geography 
even  though  the  orientation  is  at  a  strange  angle.  It  is  published  by  Her  Majesty’s  Stationery  Office  (HMSO), 
London,  1982.  Ask  for  Series  1 106,  Sheet  3,  Edition  3-GSGS. 
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!.  Major  water  features  in  the  area  of  interest. 


2.  MAJOR  DUSTSTORM  TYPES 


Although  duststorms  can  take  a  variety  of  r.hape<;  and  forms,  there  are  three  main  types;  shamal.  frontal,  and 
convective.  The  most  common  type  across  the  Middle  East  is  the  shamal.  Distinctions  between  types  can  be  vague; 
storm  types  often  overlap. 

2.1.  SHAMAL 

The  term  shamal"  means  north  in  Arabic  (Middleton,  1986).  It  refers  to  the  prevailing  wind  direction  from  which 
this  type  of  duststorm  is  prcxluced.  Shamal  duststorms  occur  across  Iraq,  Kuwait,  and  the  Arabian  Peninsula.  They 
generate  a  treme  idous  amount  of  dust  in  tlic  aimosphere.  Shamal  systems  produce  an  impressive  satellite  image  and 
severely  reduce  >.  isibilities  at  the  surface.  A  variation  of  the  shamal  occurs  in  the  interior  of  Iran,  primarily  near  the 
Lut  and  Margo  Deserts.  The  winds  uavel  across  cenual  and  southern  Iraq,  picking  up  most  of  their  dust  load  from 
source  areas  in  the  southern  portion  of  liaq  between  the  Tigris  and  Euphrates  Rivers.  There  arc  two  types  of  shamal: 
summer  and  winter. 

2.1.1  The  Summer  Shamal 

The  summer  shamal,  or  "wind  of  120  days,"  blows  almost  daily  during  the  summer  months  of  June  through 
September.  In  Kuwait,  the  shamal  is  known  as  the  "simoon,"  which  means  poison  wind  (Middleton,  1986).  The 
synoptic  feature  that  creates  the  potential  for  the  shamal  is  a  rone  of  convergence  between  the  subtropical  ridge 
extending  into  the  northern  Arabian  Peninsula  and  Iraq  from  the  Mediterranean  Sea  and  the  Monsoon  Trough  across 
southern  Iran  and  the  Southern  Arahian  Peninsula. 


Figure  2-1.  Average  climatk:  gradient-level  windflow  In  July  (Atkinaon,  1971). 

A.s  shown  in  the  fig,.ie,  the  pressure  pattern  tends  to  be  extremely  flat  across  the  Arahian  Peninsula;  a  detailed 
streamline  analysis  of  surface,  gratlient,  ami  HVI-mb  levels  is  generally  the  best  way  u*  detect  synoptic  features.  T  he 
/one  of  trmvergenc'c  between  systems  is  caught  between  the  pressure  systems  and  the  Zagros  Mountains  of  western 
Iran,  the  orientation  of  which  tends  to  force  an  acceleration  of  the  mrrtherly  low-level  winds  across  southeastern  Iraq, 
the  western  Khurisian  Plains  of  Iran,  Kuwait,  and  the  northeoi  Persian  (lulf,  and  into  the  mirtheastern  Arabian 
Peninsula. 
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Although  the  pressure  puiiom  is  favorable  for  raising  dust  into  the  atmosphere,  it  appears  that  the  influx  of  cool  ah 
aloli  (Coies,  I93S)  adds  to  the  effects  of  the  strong  surface  heating.  This  stccpci..s  the  'apse  rate  and  creates  the 
instability  necessary  for  lifting  dust  particles  and  keeping  them  suspended. 

The  dry  desert  air  and  a  high  rate  of  thermal  radiation  at  night  forms  an  inversion  tictwccn  I.WX)  and  2.(111(1  feet  soon 
after  sunset.  The  presence  of  this  inversion,  along  with  the  pressure  pattern,  gives  rise  to  a  strong  wind  maximum 
just  above  this  inversion,  known  as  the  "ntKturnal  jet"  (Membcry,  lOX.^).  The  presence  of  the  mKtumal  jet  has  been 
related  to  a  large  number  of  dusistorms  across  this  area:  minimum  visibility  in  summer  dustslorms  has  been  shown 
to  be  pmportional  to  the  speed  of  the  1  ,(XKI-f(M)i  wind  at  Shaibah  (IcKaled  in  southern  Iraq  at  .V)°  25'  N,  47°  .TS'  E  i.» 
the  west  of  Basrahl  at  0.‘i(Ktl.  (Coles,  1938>  In  nurre  than  half  the  cases,  this  wind  maximum  tended  to  decrease 
from  the  nighttime  to  the  daytime  semnding. 

During  the  summer,  thermal  turbulenc  e  across  the  Arabian  Peninsula  extends  above  l2.(KK)fect(Marcai,  The 

summer  shamal  takes  a  characteristic  shape  from  the  windllow  pattern:  as  shown  in  Figure  2-2,  it  follows  a  similar 
life  cycle  through  each  episixlc 


START  MAXIMUM 

^  b 

*  Sourc*  Ar^a 


FIgura  2-2.  Typical  dust  plums  Ilfs  cycis. 

As  convergent  windflow  across  central  tind  southeastern  Iraq  moves  over  the  dust  source  areas,  it  lifts  dust  into  a 
char.'Kterisiic  plume  (Kalii,  Pt7<t)  Within  a  lew  hours,  the  plume  stretches  smiihwanl  across  Kuwait  and  the 
northern  Persian  (iulf.  As  the  dust  enters  the  northeastern  Arabian  Peninsula,  llic  windflow  hceonics  divergent:  the 
plume  K-eomes  wide  on  the  front  edge,  lapc'ring  bac  k  to  a  point  at  the  source  area  and  taking  on  a  triangular  shape. 
By  late  afternoon,  the  winds  begin  to  decrease  at  the  source  area:  the  plume  becomes  more  rounded  and  does  not 
extend  all  the  way  back  to  the  source  (see  Figures  7-1  through  7-7).  .Suspended  dust  in  the  plume  continues  to  move 
along  with  the  winds  at  the  griHtieni  level,  ll  there  is  a  cyclonic  circulation  center  in  the  Monsoon  Tniiigh,  the  dust 
circulates  into  it  through  the  night  (see  Figures  X  I  through  X-.3j.  The  dust  remains  in  suspension  as  long  as  the 
upwiird  vertical  eom|)onenl  in  the  atmosphere  is  greater  than  the  minimum  required  to  hold  the  particles  aloft 
((lillclic,  Id79). 

Summer  shamal  dusistorms  move  into  an  area  like  a  giant  wall  of  dust.  The  height  of  li.c  wall  averages  .l.dflfl-X.fKIfl 
feel,  hut  in  cxlreincly  strong  storms  they  can  reach  I5.(MX)  IS.(¥X)  feel  (Extreme  heights  arc  based  on 
saielliir  derived  lerii|K'r:iHires  of  the  sand  signature  as  compared  to  elimalie  normal  temperatures  at  siiUHlard  layers 
ol  the  atmosphere  across  the  Middle  I  asll.  Visibilities  at  the  siirliKc  rapidly  go  fnsn  unresi'itled  ninear  /cm  in  a 
mailer  of  minutes,  skiying  low  (or  I  I  hours  belore  tx'ginning  to  increaw  slowly.  As  ih  suspended  dust  is  advecteJ 
away  from  the  area,  visibilities  rapidly  improve  through  the  night.  If  the  winds  aloft  have  diminished  ‘o  the  point  at 
which  the  suspended  dust  is  not  iidvec  led  aw.iy,  visibilities  improve  >lowly  to  I  or  4  nm  hefore  surriso.  then  drop 
again  as  sunrise  brings  increased  relriK  lion  in  ibe  diisi  and  the  weakened  inversion  allows  the  denser  dusi  to  settle. 


A  simple  rule  of  thumb  lor  the  time  required  for  dust  particles  to  settle  after  the  wind  has  diminished  is  I  ,(KK)  feet 
per  hour.  Suspended  dust  particles  have  a  birntnlal  size  distribution  (Ho<Kk,  1984).  Smaller  particles  are  only  a  few 
microns  in  diameter,  but  most  range  from  20  to  40  microns.  Piuticles  capable  of  traveling  long  distances  usually 
have  diameters  of  less  than  20  microns  (Gillette,  1979).  The  preliminary  results  of  a  .-.oil  analysi.;  conducted  on  a 
Saudi  Arabian  sample  taken  just  west  of  Dhahran  during  DESERT  STORM  revealed  that  more  than  half  (56.17%) 
of  the  sample  was  smaller  than  250  microns  in  diameter,  and  that  more  than  28%  was  smaller  than  125  microns. 
The  sample  content  was  60%  .sand,  40%  sill,  and  0%  clay.  Chemical  content  included  quartz  (Si02),  calcile 
(CaCO.^),  and  gypsum  (CaS04)  (Henley,  1990).  Soil  textures,  as  classified  by  Hoock,  1984,  are  as  follows: 


Clay  -  less  than  0.(X)2  mm  (2  microns)  in  diameter 

Sill  -  ().(K)2  mm  to  0.074  mm  (2  to  74  microns)  in  diameter 

Sand  -  greater  than  0.074  mm  (74  microns)  in  diameter 

Sand  grains  are  usually  assumed  to  start  at  about  74  microns  in  diameter  (Hoock,  1984).  Sand  generally  never 
achieves  true  suspension;  instead,  sand  grains  mivel  either  by  saltation  (bouncing  along  the  ground)  or  surface  creep 
(this  is  how  sand  dunes  move).  The  differences  between  sand  and  dust  travel  are  shown  in  Figure  2-,4. 


/  /  /  ^  j  f  'r 
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•T  r~r 


Saltation 


f  7  /  /  f 
Surface  creep 


Flgura  2-3.  How  dust  and  sand  travel. 

The  actual  strength  of  the  wind  required  to  lift  dust  into  the  aunosphere  has  been  .studied  extensively.  Estimates 
range  from  1 1  mph/9.6  kts  (Bagnoid,  1984),  to  12  kls  (M;)rales,  1979),  and  18  mph/15.6  kls  (Coles,  19.^8).  While 
sand  particle  movement  has  been  observed  at  speeds  of  8- 10  kts,  most  large  scale  duststorms  require  about  15  kts  to 
gel  started.  Winds  aloft  (at  I, (XX)  feet)  need  to  be  about  .^0  mph/26  kls  over  Hinaidi,  Iraq  (Now  known  as  Hindiyah, 
at  M°  32’  N,  44°  14’  N,  south  of  Baghdad)  (Coies,  1938)  and  30  kls  over  Bahrain  (Membery,  1983).  About  half  of 
all  dustsiorm  occurrences  had  surftice  wind  speeds  of  11-20  kls,  while  about  a  quarter  had  speeds  greater  than  20  kts 
(Awad,  unkn).  Winds  average  from  15  to  25  kts,  with  wcasional  gusts  to  30  or  35  kls. 

A  rough  estimate  of  vertical  upward  velwity  can  be  obtained  by  dividing  surface  windspeed  by  five;  that  is,  25  kts 
of  horizontal  wind  speed  would  result  in  about  5  kts  of  upward  vertical  motion  (Bagnoid,  1984).  This  value  is  useful 
in  determining  the  required  lift  for  dust  particles  of  various  sizes,  a.s  well  as  the  height  to  which  the  dasi  might  be 
carried.  Greater  windspeeds  increase  the  probability  (hat  dust  will  be  lifted  and  substantially  reduce  visibilities. 
Winds,  however,  must  blow  ovei  an  area  susceptible  to  erosion  in  order  to  produce  a  major  dustsiorm. 

Duststorms  assiviated  with  the  summer  shamal  can  have  varied  durations.  They  can  last  just  I  day  or  from  a  week 
to  10  days.  Generally,  since  winds  diminish  at  night,  the  dust  source  is  cut  off.  But  at  Hinaidi,  Iraq,  most  nighttime 
duststorms  arc  in  July  and  most  late  evening  stonns  arc  in  May.  Most  early  morning  storms  at  Hinaidi  and  Shaibah 
arc  in  June  (Coles,  1938). 
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Since  the  summer  shanuil  is  created  by  a  synoptic-scale  pressure  system,  k  usually  lasts  about  3  days.  In  late  July 
and  August,  cyclonic  circulations  in  the  Monsoon  Trough  become  evident  as  dust  wraps  into  these  systems  and 
provides  a  stntng  satellite  signature,  particularly  in  the  morning  and  evening  when  the  sun  angle  is  low  and  shadows 
on  top  of  the  dust  cloud  K'cotne  visible  (See  Figures  7-6  and  8-1  through  8-3).  Figure  .7-4  gives  mean  surface 
positions  of  the  Monstxm  Trough  in  July  and  August. 


Figure  2-4.  Mean  surface  positions  of  the  Monsoon  Trough  hi  Juiy  and  August.  Eiottcd  lines  over  the 
Red  Sca/Oulf  of  Aden  corridor  represent  fragmented  or  discontinuous  positions  (frum  USAFETAC/TN-91AK)2). 

2.1.2  The  Winter  Shamat 

Figure  2-.5  shows  mean  airflow  across  the  study  region  in  January.  A  large  number  of  winter  .shamal  duststorms 
occur  as  cold  frontal  systems  cross  the  area;  these  will  he  discussed  in  2.2.  The  few  winter  shamals  associated 
with  frontal  systems  arc  cicated  by  the  funncling  of  very  cold  air  mas.scs  from  Tuitccy  or  Syria  toward  the  .south 
down  the  Tigris/Euphrates  River  Valley  in  Iraq  and  over  the  Persian  Gulf.  These  sy.stems  react  in  the  .same  manner 
as  a  fall  wind;  the  air  masses  are  so  cold  that  the  fall  in  elevation  does  not  adiahatically  warm  them  to  the 
surrounding  tcmpcniture.  Fall  winds  result  in  a  thermal  discontinuity  and  a  narrow  tongue  of  cold,  dry  and  gusty 
winds. 

0*  30*  60* 


Figure  2-5.  Average  climatic  gradient-level  windflow  hi  January  (Atkinaon,  1971). 
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The  longue  of  cold  air  forms  whal  is  called  a  "density  current  head"  (Lawson,  1971).  This  river  of  den.ser  air  Hows 
downhill,  forcing  anything  in  its  path  aloft.  As  a  stream  of  backward-flowing  warmer  air  is  forced  aloft,  dust  and 
debris  arc  lifted  (Compton,  I977i.  See  Figure  2-6  fttr  illustrations  of  both  proces.se.s.  Within  the  colder  air,  the 
movement  creates  both  vertical  and  horizonta.  >olcnoidat  circulations  along  the  leading  edge  of  the  gust  front;  these 
circulations  lift  and  mix  the  dust  particles.  This  soicnoidal  circulation  is  also  found  in  the  horizontal  vortex  that 
occurs  in  tltundersiorm  downrushes  or  inicrobursts  (Fujita,  1986).  This  type  of  shamal  continues  until  the  influx  of 
mass  (the  cold  air)  has  stopped. 


Turbulent 


Height  |  X  Solenoidal 

irculation 


still 

Water 


Water 
Displaced 
Back  Over 
Snout 


j  Cloud 

Backward  } 
Streanting 


Distance 

Figure  2-6.  Lawson’s  Density  Current  (A)  and  Compton’s  Turbidity  Current  (B). 


Examples  of  full  winds  include  the  mistral  of  the  western  Mediterranean  Sea  that  occurs  around  the  Gulf  of  Leon, 
and  the  bora  of  the  eastern  Mediterranean  Sea,  which  usually  extends  out  of  the  Black  Sea  through  the  Dardanelles 
aiKl  over  the  Aegean  Sea.  If  the  terrain  has  not  been  dampened  by  a  preceding  frontal  system,  a  du.sLstorm  may  be 
gene  ated  as  these  winds  pass  over  source  areas. 


2.2.  FRONTAL  DUSTSTORMS 


The  frontal  duststonn  is  on  a  larger  scale  than  the  others.  Frontal  storms  arc  dynamic  synoptic  .systems  that  mix  the 
du.st  in  the  air  and  carry  it  for  great  disiance.s.  The  three  types  of  frontal  duststonns  are  prefrontal,  postfrontal,  and 
shear-line.  Each  occurs  at  a  specific  lime  in  the  life-cycle  of  a  migratory  low-pressure  area  with  a  frontal  system, 
and  each  has  its  own  local  name. 


2.2.1  Prefrontal  Duststorms 

Prefrontal  duststorms  occur  across  Jordan,  Israel,  the  northern  Arabian  Peninsula,  Iraq,  and  the  western  Khuzistun 
Plains  of  Inin  as  low-pressure  areas  move  across  the  region.  Antecedent  factors  include  a  band  of  winds  generated 
by  the  low-pressure  area  that  presses  against  cither  a  stationary  high-pressure  center  in  Saudi  Arabia  or  into  the 
western  slopes  of  Iran's  Zagros  Mountains.  The  polar  jet  stream  (PJ)  behind  the  front  and  the  subtropical  jet  stream 
(STJ)  in  front  of  it  often  converge  into  a  single  jet  maximum  that  translates  to  the  surface  northeast  of  the 
upper-level  maximum.  In  addition,  the  overlapping  of  these  jet  cores  and  coupling  of  .secondary  circulations  in  the 
right  rear  of  the  PJ  and  left  front  of  the  STJ  enhance  upper  vertical  vcItKitics  and  increase  the  lifting  force  for 
blowing  dust. 

The  two  best-known  names  for  these  prefrontal  winds  arc  the  Sharki  in  Iraq  and  the  Kaus  in  Saudi  Arabia 
(Middleton,  1986).  Others  arc  the  Shlour  in  Syria  and  Lebanon  and  the  Khamsin  in  Egypt.  Most  arc  southeasterly 
or  southerly,  but  the  Shlour,  Kaus,  and  Khamsin  can  also  be  southwesterly.  Tlic  dry  southwesterly  Suahili  (Soltani, 
1990)  (K'curs  after  the  Kaus,  which,  in  extreme  cases,  can  he  postfrontal  and  extend  iKross  Jordan,  northern  Saudi 
Arabia,  Iraq,  and  Kuwait.  At  Baghdad,  the  Sharki  and  Kaus  winds  cause  more  than  a  third  of  all  instances  of 
blowing  dust;  easterly  to  southerly  arc  the  favored  directions  from  October  to  April  (Awad,  unkn).  Figure  2-7 
diagrams  the  prefrontal  and  postfrontal  Kaus  wind.  For  typical  Sharki  and  Kaus  .satellite  imagery  signatures,  sec 
Figure  2-IOA  on  page  12. 
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Figure  2*7.  Prefrontal  and  postfrontal  kaus  winds  diagrammed. 

TABLE  1.  Percentage  frequencies  of  wind  directions  during  dust  disturbances  at  Baghdad 
(annual  averages),  1950*1960  (Awad). 


Quadrant  I  Quadrant  2  Quadrant  3  Quadrant  4 

(1-90°)  (91-180*')  (181-270°)  (271-360°) 

11.9%  27.7%  7.3%  53.0% 


TABLE  2.  Percentage  frequencies  of  wind  speeds  during  dust  distuibances  at  Baghdad  (annual 
averages),  1950*1960  (Awad). 

0  to  10  M.S  II  to  20  kt.s  More  than  H  fcta 

27.0%  46.4%  26.5% 


TABLE  3.  Average  number  of  days  with  duststorms  at  Baghdad  (Awad). 

.Ian  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dtc  Total 

I.l  2.4  2.5  2.0  1.5  .3.3  2.0  1.4  0.7  1.7  1.0  0.9  20.5 

TABLE  4.  Percentage  frequencies  of  wind  directions  during  dust  occurrences  at  selected  stations 
(annual  averages),  1973*1989  (ISMCS,  1990).  The  map  (Figure  2-8)  give^  locations  (by  number)  of  siations 
in  the  table. 


Quadrant  I  Quadrant  2  Quadrant  3 


(1-90°) 

(9M80°) 

(181-270°) 

(271-360*) 

1 .  Baghdad,  IQ 

21.8% 

31.2% 

4.2% 

22.8% 

2.  Mosul.  IQ 

16.4% 

I9..5% 

33.6% 

30.5% 

3.  Basrah.  IQ 

14.8% 

23.2% 

212% 

39.8% 

4.  Dayr  Az  Zjtwr,  SY 

18.8% 

18.9% 

21.3% 

41.0% 

5.  Damascus,  SY 

15.8% 

27.6% 

31.1% 

25.5% 

6.  Kuwait  City,  KW 

21.4% 

22.6% 

19.1% 

.36.9% 

7.  Ahwaz.,  IR 

9.1% 

20.4% 

26.6% 

43.9% 

8.  Dhahran,  SD 

33.4% 

12.9% 

12.4% 

4I„3%- 

9.  Riyadh.  SD 

25.0% 

19.4% 

26.6% 

29.0% 

10.  Jeddah.  Sl) 

21.0% 

31. .5% 

3.5.1% 

12.4% 
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Figure  2-8.  Locations  of  stations  corresponding  to  the  numbers  In  Tables  4  and  5. 

Compiirc  ihc  Baghdad  sialistics  in  Tabic  4,  which  contains  more  recent  climatology  statistics  for  several  sbilions 
throughout  the  Middle  East,  with  Tables  1-3.  Baghdad's  Quadrant  4  wind  direction  disuibution  during  dust 
occurrences  is  not  as  large,  but  the  peak  in  Quadrant  2  is  still  present.  The  Quadrant  4  change  may  be  due  to  recent 
■ndustrial  development  in  that  direction. 

TABLE  5.  Average  number  of  days  with  blowing/suspended  dust/sand  at  selected  stations 
(ISMCS,  1990).  Tltc  data  in  this  (able  includes  blowing  sand  and  suspended  simd/dust.  but  not  ha/.c.  Asterisks  (•) 
indicate  less  than  ..3  day.  The  data  from  Iran  and  Iraq  was  sporadic-none  at  all  was  rcceival  from  1981  to  1988. 


.Ian 

Feb 

Mar 

Apr 

May  Jun 

.lul 

Aug 

Sep 

Oct 

Nov 

Dec 

1 .  Baghdad,  IQ 

6 

7 

10 

14 

17 

19 

20 

18 

18 

17 

8 

6 

2.  Mosul,  IQ 

* 

1 

3 

4 

9 

12 

13 

13 

8 

6 

3 

2 

3.  Basrah,  IQ 

3 

4 

9 

11 

10 

14 

17 

14 

9 

7 

5 

2 

4.  Dayr  Az  Zawr,  SY 

* 

1 

2 

4 

3 

7 

10 

7 

3 

3 

1 

1 

5.  Damascus,  SY 

1 

2 

3 

5 

4 

3 

2 

1 

2 

3 

1 

1 

6.  Kuwait  City,  KW 

9 

II 

14 

15 

18 

21 

19 

7 

13 

12 

10 

8 

7.  Ahwaz,  IR 

* 

* 

2 

3 

3 

6 

4 

2 

2 

1 

1 

* 

8.  Dhahran,  SD 

8 

9 

II 

13 

15 

21 

8 

16 

9 

7 

6 

6 

9.  Riyadh,  SD 

13 

14 

19 

18 

19 

18 

15 

3 

II 

9 

II 

10 

10.  Jeddah,  SD 

7 

6 

8 

7 

5 

6 

5 

4 

5 

2 

3 

5 

Wind  speeds  asscK'iatcd  with  prefrontal  diistsiorms  arc  1(1-20  kls,  with  tKcasional  gusts  to  2.5-30  kts;  speeds  tend  to 
be  lower  than  those  of  the  shamal  or  postfrontal  winds.  Across  Jordan,  parlicuiarly  near  Ma’an  (at  30°  12’  N,  3.5° 
45’  E),  winds  have  been  observed  to  exceed  50  kts  in  extreme  eases  associated  with  the  Kaus;  these  stortns  may 
(x:cur  once  a  year  and  tnay  not  recur  for  several  years.  Because  they  arc  ItK'atcd  over  similarly  shatk'd  terrain  on 
.satellite  imagery,  they  arc  generally  more  difficult  to  detect  unless  they  move  across  the  Persian  Ciulf,  the  lakes  in 
Iraq,  the  Red  Sea,  or  the  Mediterranean.  Frequently,  cUtud  ettver  a.s.s(K'iutcd  with  an  overrunning  jet  stream  obscures 
the  surface  features  totally. 
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2.2.2  Postfrontal  Duststorms 

Posilronlal  diisisuirms  arc  referred  lo  as  winter  shamals  across  most  of  the  MkUle  East,  but  they  have  other  hK  al 
names,  such  as  the  Blat  (Soltani.  1990)  or  the  Belat  iMiddIcton,  1986)  in  southern  Saudi  Arabia.  These  duststorms 
move  in  asstKiatie.n  with  a  djnamie  weather  feature  and  ;irc  very  active.  Sec  Figure  2-IOB  for  a  typical  satellite 
signature. 

If  there  is  a  lot  of  cloudiness  over  the  surface  fro.ilal  boundary,  the  dust  signature  may  K'  obscured:  but  in  most 
eases,  the  dust  is  the  best  way  of  ItKaling  the  leading  edge  of  the  cold  frontal  aimiass  Visual  satellite  imagery  w  ill 
show  a  large  area  of  unildrm  shading  as  the  cloud  signature,  while  infrared  imagery  will  show  a  dome  of  dust/sand 
covering  a  hirge  part  of  the  Arabian  Peninsula.  Tne  problem  with  visual  imagery  is  that  unless  one  is  completely 
familiar  with  the  terrain,  the  dust  may  not  appear  obvious  unless  it  travels  over  a  darker  water  surface.  Since  a  front 
is  a  density  currciit,  vortical  motions  like  those  shown  in  density  current  surges  arc  also  generated  along  the  surface 
•rontal  zone.  These  horizontal  and  vertical  vortices  (soicnoidal  circulations)  lift  and  suspend  dust  and  sand  particles. 
They  also  create  the  turbulence  needed  to  generate  large  scale  duststorms.  Heights  of  pttsifronial  duststorms  are 
between  K.OOO  and  l.'i.lKX)  feet,  but  dust  and  reduced  visibilities  over  the  American  southwest  have  been  reported 
above  !M),(XK)  ft  by  USAF  pilots  debriefed  at  Holloman  AFB,  New  Mexico. 

Zero  visibilities  are  not  uncommon  in  postfronud  storms.  SurPice  winds  arc  I5-.^I  kts,  but  gusts  tan  be  over  40-50 
kis  in  stronger  systems  According  to  Peer  (1984).  intensity  of  a  winter  shamai  outbreak  tan  be  determined  using 
thermal  contrast  across  Iraq.  A  contrast  of  10°  C  equates  to  .V)  kts,  15°  C  to  .^5  kts,  20°  C  to  40  kts.  and  2.5°  C  to  45 
kts.  Gust  speeds  will  be  III  kts  higher  than  sustained  winds:  peak  gu.sls  will  be  up  to  20  kts  higher. 

There  are  two  types  of  winter  shamai.  The  first  lasts  for  24-.^6  hours  as  a  frontal  sy.stcm  migrates  through  the 
region;  the  shamai  winds  and  blowing/suspcndcd  dust  move  across  the  lengthoT the  Persian  Gulf  in  12-24  hours 
and  can  be  along  the  southern  coast  of  the  Arabian  Peninsula  and  Iran  within  411-72  hours  (see  Figures  6-1  and  6-2). 
The  second  type  persists  for  .1-5  days  when  a  front  stalls  out  and  becomes  stationary  (Pcironc,  1979).  Frequently, 
the  longer  shamai  has  cyclogenesis  tKcurring  along  the  frontal  btiundary  with  a  parallel  jet  stream  mtiving  the  frontal 
waves  to  the  east-northeast. 

2.2.3  Shear-line  Duststorms 

The  final  type  of  dnsistorm  assiK  ialcd  with  frontal  systems  is  the  shear-line  typc-Scc  Rgiirc  2-9  for  Alkinstm's 
miKlel  t)f  a  surfiKC  shear  line  ami  Figure  2- IOC’  for  a  typical  shcitr  line  dusistnrm  satellite  signature.  Shear  lines  arc 
frequent  in  winter  across  the  Arabian  Peninsula,  the  Red  Sea,  and  ihioughoul  equatorial  Africa. 


Figure  2-9.  Atklnton't  model  of  •  turfact  shoar  ilna.  The  diagram  mcludcs  streamlines  and  isoiachs  over 
a  tropical  area. 
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Shc;ir  lines  are  created  by  ecinvergencc  ol  northcasicrly  windl'Iow  to  the  south  of  a  polar  hitih-pressure  cell  and  the 
easterly  trade-wind  How.  Aloni:  the  shear  line  there  is  a  narrow  band  of  maximum  witids  that  lifts  loose  dust 
particles  into  the  air  as  the  shear  line  moves  slowly  southward  and  extends  back  to  the  west.  Visual  satellite  imagery 
shows  some  traces  of  the  dust  as  opaque  white;  infiarcd  imagery  will  show  plumes  of  dust  in  the  cold  air  side  and 
along  the  shear  line.  A  frequent  sight  across  north  Africa  is  dust  funneling  through  and  between  mountains,  leaving 
a  rainshadow-type  image  (sec  Figure  b-Ot.  A  common  sight  in  visual  imagery  is  that  of  ilust  advecting  off  the 
western  coast  of  Alrica.  The  same  shear-line  pattern  (Kcurs  over  the  Arabian  Sea  as  the  cold  front  weakens  across 
Pakistan  or  northwestern  Inilia  and  leaves  a  shear  line  across  ;hc  sea.  The  addition  of  moisture  here  will  also  create  a 
narrow  banil  of  rope  clouds  along  the  convergent  frontal  /one,  with  blowing  dust  to  the  northern  side  of  the  cloud 
(see  Figure  6-2). 


Sliarki/Kaiis  Type  Slianial  Type  Shear  line  Type 


Figure  2*10.  Comparisons  of  signatures  In  satellite  Imagery. 

Wind  speeds  along  a  shear  line  arc  usually  l()-2.S  kis  with  gusts  of  .M)-40  kts.  Across  north  Africa,  the  shear  line  and 
asstKiated  duststonns  become  almo-;|  ^cmipennanent  fciitures.  They  become  temporarily  stronger  if  the  ridge  moves 
southward  or  btiihls,  or  if  it  is  reinforced  by  frontal  intrusions  from  the  north.  The  climatological  ptitlern  across 
central  Africa  has  converging  winds  between  the  high  pressure  to  the  Perth  and  the  tropical  easterlies  to  the  south. 
Blowing  dust  generally  tlws  not  (k  cur  with  this  pallcrn,  primarily  because  there  isn't  enough  lift.  Tem|K'raturc 
contrast,  along  with  temperatures  lower  than  normal  and  pressures  higher  than  normal  arc  gtKxl  indications  of  sheiu 
line  existence.  There  arc  many  similarities  with  the  (raveling  microburst  (Fujila.  19X6)  and  wind  maxima  that  can  be 
tracked  to  the  west  along  the  shetir  line;  the  microbnrst.  however,  is  shown  with  divergent  flow  and  ilecrcasing 
winds,  whereas  the  shear  line  has  converging  winds.  These  maxima  tire  accompanied  by  duststnrms  and  h)w 
visibilities  as  they  move  over  sources  of  1<h)sc  surface  material.  Visibilities  can  full  to  less  than  1/2  nm,  but  arc 
usually  in  the  1-3  nm  range. 

2.3  CONVECTIVE  DUSTSTORMS 

These  features  are  normally  ol  a  much  smaller  scale  than  frontal  or  sheiu-line  storms,  and  therefore  more  difficult  to 
lorccast.  Their  elfects  on  desert  operations,  however,  arc  still  sigmiicanl.  There  arc  two  types  of  convective 
duststorm;  The  fuihooh  and  the  duvr  (tevil.  The  haNuth  has  received  consnlerablc  attention  in  the  past  10  years, 
primarily  due  to  its  involvement  in  the  failed  Iranian  hosuigc  rescue  altcmpt  td  I9K(I  (Ryan,  I9H.S),  as  well  as  several 
aircralt  crashes  related  to  microbursts  (Fu|ila.  |9K6),  one  of  the  features  that  generate  haNnibs. 

2.3.1  Theh'rboob 

Fhc  hab(«)b  is  a  duststorm  generated  by  downrtish  winds  from  a  thunik'rstorin.  It  gels  its  name  from  its  frequent 
iKcurrence  over  the  deserts  ol  northern  Alrica,  but  it  also  iKcurs  and  has  been  simlied  in  (he  American  southwest 
(Idsoelal,  1972). 


As  cool  sinking  air  and  heavy  rains  bubble  oul  I'roin  under  a  thunderstorm,  a  zone  of  stronger  winds  and  a  mcsoscale 
high-pressure  area  is  created.  In  the  desert,  the  surrounding  air  is  so  dry  that  most  or  all  of  the  rain  evaporates  before 
reaching  ihc  ground.  The  wind,  however,  continues.  It  blasts  into  the  dry  desert  surface,  picking  up  large  amounts 
of  loose  dust  and  sand  (see  Figure  9- 1 ),  The  dome  of  cord  air  thus  created  has  been  hkened  to  the  density  current 
(Compton,  1977)  mentioned  ciulier  in  the  discussion  of  the  shamal.  There  are  small  soicnoidal  circulations  (called 
the  "horizontal  vortex"  by  Fujiia)  within  the  coo!  air--sec  Figure  2-11.  Along  the  leading  edge  of  the  habtxtb, 
rapidly  rising  and  changing  towers  and  buttresses  can  be  seen  (Powell,  1969).  Combined  w  ith  the  w;rm  air  being 
forced  aloft,  the  primary'  ingredient  for  a  vigorous  duststorm  is  generated. 


Figure  2-1 1.  The  formation  of  a  haboob.  In  A,  snienoidal  circulations  in  the  downrush  arc  shown.  In  B,  iiic 
haboob  is  developing  at  the  leading  edge  of  the  downrush. 

Although  relatively  small  (they  usually  cover  no  more  than  60-*K)  miles),  haboo'is  can  be  violent,  with  damaging 
wintls.  In  Phoenix,  AZ,  the  average  haNxib  wind  is  48  mph  (42  kts),  but  the  maximum  reported  speed  was  72  mph 
(6.^  ktsMidsoct  al,  1972). 

Although  they  can  be  een  approaching  the  station  from  afar,  habrxtbs  move  in  very  quickly.  The  average  height  of 
these  stf-rms  ranges  from  5,()(t0  to  8,I)(K)  feet,  but  they  have  been  known  to  reach  I0,0(K)-I4.()()0  feet  (Idso,  1976). 
As  the  cool  air  ntass  of  the  storm  passes  over  a  station,  the  temperature  falls  within  the  first  50  meter..  Although  the 
change  may  l>e  just  a  degree  or  two  (°C),  the  avemge  in  PhtKnix  is  7®  C  (Idso  ct  al,  1972).  Visibilities  in  the  storm 
als«)  fall  rapidly  to  2(K)  meters  <  1/8  nm)  or  less  inside  the  hah(M>b  (I.awson,  1971).  Visibility  usually  increases  within 
an  hour;  average  duration  is  I  h<Hirs.  but  the  maximum  is  6  1/2  hours  (Idso  cl  al,  1972). 

Peak  wind  spixds  in  the  halxiob  arc  usually  9.5(i(  greater  than  the  speed  of  movement  (Lawson,  1971);  that  is,  if  the 
halxKtb  approaches  al  25  kis,  the  maximum  wind  inside  would  Ix'  48  kls. 

Hab(N>bs  arc  the  true  walls  of  dust  and  sand  that  most  people  think  of  as  a  sinmg  duststorm.  Most  dust  particles 
within  these  sh.rms  arc  frian  10  to  50  microns  (Lawson.  1971),  but  larger  particles  (up  in  several  millimeters)  can 
an<l  will  be  blown  abcMii  (Foster,  l%9).  Tl.c  larger  particles  settle  rapidly  after  the  wiral  subskics.  Nit  the  finer  ones 
settle  at  aNuil  1 ,01)0  ft  per  hour  where  the  haNxih  finally  dissipates.  Other  areas  clear  rapidly  as  ^hc  dust  is  ativecled 
oul  of  ihc  area. 

2.3.2  Dust  Devils 

These  are  small  cyclonic  circulations  that  form  in  arid  climates  when  there  is  an  extremely  steep  lapse  rate  with 
strong  surface  healing.  Dust  devils  pick  up  dust  and  sand,  or  anything  else  hxisc,  but  they  are  generally  visible  and 
easy  to  a*nid  us  they  iKcur  sporadk  ally  acri’ss  the  desert.  They  range  from  a  few  feet  in  height  and  diameter  to 
several  hundred  feel  in  iliamelci  and  heights  of  .f  .(KK)  6,0(M)  feet.  Winds  in  dust  devils  at  Hoihrman  AFB,  NM,  have 
been  measured  at  48  kls-  sec  Figure  2- 1 2  lor  a  lypk  al  dust  devil  wind  recorder  trace. 
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Some  l(H}ls  used  for  forecasting  (fust  devils  in  the  American  southwest  may  he  useful  elsewhere.  Surlaee  conditions 
must  be  dry  for  at  least  2  or  .1  days  with  no  precipitation.  April  is  normally  the  first  month  of  (Kcurrcncc  in  the 
southwest,  when  temperatures  reach  to  about  80°  F.  A  weak  gradient,  with  light  and  variable  winds,  is  most 
favorable.  Skies  arc  usually  clear  or  .scallcred  with  high  clouds.  When  dust  devils  form  with  light  (less  than  .S-ki) 
winds,  they  mtive  toward  higher  terrain  over  ground  with  slight  skipc.  Settling  rate  is  a.ssumcd  to  be  l,(X)0  ft  per 
hour,  but  dissipation  leaves  little  trace  of  most  dust  devils. 
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3.  DUSTSTORM  SOURCE  REGIONS 


Most  deserts  are  not  the  continuous  expanses  of  sand  we  normally  picture  when  we  think  of  northern  Africa  and  the 
Sahara.  The  Sahara  is,  in  fact,  a  sea  of  sand  in  some  areas,  but  most  deserts  actually  have  an  abundance  of  life  that 
ranges  from  various  plant  forms  to  a  number  of  animals  that  have  adapted  to  survive.  Desert  surfaces  vary  from  fine 
du.st  to  a  more  common  pebble  surface  with  patches  of  sparse  plant  life,  usually  sage  bru.sh,  cactus,  hardy  grass,  or 
small  trees.  Each  of  these  plant  forms  has  several  functions.  One  is  to  provide  food  and  shelter  to  desert  animals, 
and  another  is  to  keep  the  desert  surface  intact. 

Uncovered  soil  is  easily  weathered  or  eroded  by  wind,  whereas  vegetation  makes  erosion  mor^  difficult  Plant  cover 
provides  a  root  complex  that  holds  the  soil  together  and  raises  the  zone  of  friction  between  the  ground  and  the 
overlying  winds.  Plants  slow  the  winds  by  increasing  friction  and  keep  the  wind  from  picking  up  dry  soil,  in  areas 
of  vegetation,  blowing  dust  usually  only  occurs  with  strong  winds  pr^uced  by  strong  synoptic  features,  or  after  a 
long  dry  period.  Note  that  blowing  dust  is  produced  when  a  thin  layer  of  the  surface  is  loosened  or  disturbed, 
usually  by  animal  or  vehicle  traffic. 

Some  areas  are  more  susceptible  U)  erosion  than  others;  they  are  therefore  better  source  areas.  Improper  irrigation 
over  long  periods  leaves  poor  soil  with  a  high  saline  content  due  to  high  evaporation  rates.  In  infertile  dry  lakebeds, 
evaporation  often  leaves  a  fine  crust  of  salt  on  the  surface.  In  dry  river  beds,  the  occasional  seasonal  wash  keeps  the 
vegetation  small;  surface  material  is  sorted  by  size  and  relatively  loose.  Desert  areas  are  also  .sources  for  large 
quantities  of  gypsum,  usually  left  by  ancient  water  bodies.  Underground  salt  domes  are  usually  present  in  oil-rich 
areas  where  plant  growth  is  discouraged.  All  these  areas  are  prime  sources  for  sandsutrms  when  wind  speeds  reach 
the  speeds  necessary  to  lift  du.si  off  the  surface. 
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3.1  MESOPOTAMIAN  REGION  OUSTSTORM  SOURCES 

The  Mesopotamian  source  region  includes  Syria,  Iraq,  western  Iran,  and  the  northeastern  Arabian  Peninsula. 
Individual  duststorm  .source  areas  in  this  region,  numbered  I  through  14,  am  de.scribed  in  turn.  All  have  a  west  to 
north  wind  component.  Large-scale  pressure  systems  such  as  fronts  are  not  discussed  becau.se  such  systems  carry 
widespread  dust  along  with  them  and  prevent  detection  of  the  actual  source  areas.  Figure  3-1  is  a  template  map  of 
the  Me.sopoiamian  region,  drawn  from  an  ascendir  g  DMSP  satellite  imagery  scale;  it  can  be  reproduced  as  a 
transparency  and  used  to  locate  each  of  the  numbered  source  areas  for  forecasting  purposes. 


Flgurt  3*1.  Mctopolwnlan  tamplata  map.  DMSP  F-7  imagery  from  24A)607Z  October  1984. 
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Meiiopotamian  Source  Area  1  lies  east  of  the  ruins  of  Babylon  (32°  33’  N,  44°  25’  E)  at  Hilla  Iraq  (32°  28’  N, 
44°  29’  E),  and  to  the  west  of  Hawr  (Lake)  Dalmaj  (32°  20’  N,  45°  30’  E).  It  is  in  the  center  of  the  alluvial  plains 
of  the  Tigris/Euphrates  Rivers.  It  tend.-i  to  be  marshy  in  the  wet  .seasons.  In  .satellite  imagery,  the  area  looks  slightly 
higher  end  lighter  than  the  surrounding  terrain.  The  dusistorm  track  has  been  observed  to  run  from  as  far  east  as 
Abadan.  Iran  (30°  20’  N,  48°  1 5’  E)  to  as  far  west  as  western  Kuwait,  but  the  usual  uack  is  across  Ba.srah,  Iraq  (30° 
30’  N,  47°  50’  E)  and  over  eastern  Kuwait.  The  period  of  observed  duststorm  activity  is  from  May  to 
October-winters  and  springs  tend  to  be  too  damp. 

Mesopotamian  Source  Area  2  lies  in  the  alluvial  plains  between  the  Tigris/Euphrates  Rivers;  it  is  to  the  soudi 
of  Ad  Diwaniyah,  Iraq  (32°  (X)’  N,  44°  57’  E)  ami  northwest  of  Samawah,  Iraq  (31°  18’  N,  45°  18’  E).  Duststorm 
activity  is  restricted  mainly  to  summer  and  fall;  the  area  is  damp  and  surround>.d  by  marshes  the  test  of  the  year.  In 
.satellite  imagery,  the  area  looks  higher  and  lighter  than  surrounding  terrain.  The  duststorm  track  ranges  as  far  east 
as  Basrah,  Iraq,  and  as  far  west  as  western  Kuwait  and  the  Neuual  Zone .  but  the  usual  track  is  over  Kuwait. 

MMopotamian  Sourca  Araa  3  lies  east  of  El  Rashid  (Raqqa),  Iraq  (35°  5A’  N,  39°  02’  E)  to  the  north  of  the 
Euphrates  River  and  south  of  the  Abdul  al  Aziz  Mountains.  No  seasonal  restriaions  have  been  observed,  but  m«ist 
activity  is  in  summer.  Again,  this  area  looks  lighter  in  satellite  imagery,  and  appears  to  be  highlands  just  north  of 
tJic  Euphrates  River  valle’’.  The  dusLstom  track  normally  extends  to  the  east  or  southeast  into  northwestern  Iraq  and 
the  al  Jazira  desert  highlands,  but  dust  has  been  observed  extending  east  to  the  north  of  Baghdad  (33°  20’  N,  44°  26’ 
E),  then  southeast  over  llaiii  (33°  37’  N,  46°  27’  E),  and  Mehran,  Iran  (33°  07’  N,  46°  10’  E),  and  finally  soutlt  over 
the  Khuzistan  plains  in  southwestern  Iran. 

MMOpotwnian  Source  Area  4  is  tc  the  south  of  Kut,  Iraq  (32°  30’  N,  45°  Sr  E)  between  Hawr  Dalmaj  and 
Hawr  Sa'diyah  (32°  25’  N,  *16°  40’  E)  and  Hawr  Saniyah  (31°  45*  N,  47°  35’  E).  <\rea  4  is  in  the  marshy  lowlands 
of  the  Tigris  River  activity  is  restricted  to  summer  and  fall  The  general  duststorm  track  is  between  Basrah,  Iraq, 
and  Abadan,  Iran. 

MMOpotamlan  sourco  Aroa  S  is  to  the  south  of  Mehran,  Iran,  in  ihe  Pusht-i-kuh  (mountains)  area.  No  seasonal 
limits  have  been  observed.  The  general  track  is  to  the  south  over  Khuzistan,  Iran.  In  some  cases,  this  area  is  an 
extension  of  dustsiorms  from  areas  3  and  9. 

Maaopotamlan  Sourca  Araa  6.  Dustsiorms  originate  from  south  of  Samawah,  Iraq.  umI  as:Blly  extend  over 
either  Kuwait  or  die  Neutral  Zone.  Although  located  to  the  south  of  the  Euphrates  River,  it  is  not  known  whether  or 
r.ot  this  area  remains  active  through  a  wet  sea.son;  satellite  imagery  suggests  that  it  does  not 

Maaopotamlan  Sourca  Araa  7.  This  relatively  weak  area  lies  m  the  west-southwest  of  .Ahu  Kamal.  Syria  (.34° 
29’  N,  40°  56’  E).  Little  el.se  is  known  except  that  there  are  summer  occurrences  of  duststorm  activity  from  this 
area. 

Maaopotamlan  Sourca  Araa  8  is  to  the  east  of  Baghdad,  Iraq,  and  east  of  the  Tigris  River.  It  appears  to  be  an 
extension  of  an  extreme  case  from  Area  3.  It  is  not  known  whether  or  not  it  lies  in  Ihe  alluvial  plains  and  is  .subject 
to  seasonal  wet  periods. 

Maaopotamlan  Sourca  Araa  9  is  to  the  southeast  of  Dawr  az  Zawr,  Syria  (35°  21*  N,  40°  09’  E),  and  cast  of  al 
Mayadin.  Syria.  It  extends  from  the  eastern  Syria  desert  into  the  western  al  jazira  de.scrt  highlands;  Ihe  existence  of 
a  seasonal  wet  period  is  doubtful.  The  general  dusistorm  track  is  eastward  to  Tikrh,  Iraq  (34°  36’  N,  43°  42’  E). 

Maaopotamlan  Sourca  Araa  10  is  to  the  west  of  An  Nasiriya,  Iraq  (31°  04'  N  46°  17’  E)  and  south  of  the 
Euphrates  River.  The  general  duststorm  track  is  to  the  south  over  Kuwait.  It  is  thought  that  there  is  no  sea.sonal  wet 
period. 

Maaopotamlan  Sourca  Araa  11  may  he  an  extension  of  Area  4,  hut  it  lies  farther  south  of  Kut.  Iraq  -almost  as 
far  .south  ai  Refa’i,  Jordan  (32°  19’  N,  36°  46’  E),  or  Shalra,  Iraq  (31°  26*  N,  46°  10’  E)  and  just  to  the  north  of 
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Hawr  al  Hammar  (Lake  Hammar).  Satellite  imageiy  shows  it  tu  be  lighter  in  color  and  apparently  higher  than 
surrounding  terrain.  The  dusLstono  track  is  to  the  .south  over  Basrah,  Iraq,  and  Abadan,  Iran. 

Mesopotamian  Source  Area  12  (35°  24’  N.  38°  24’  E)  lies  to  the  south  of  Bahrat  (Lake)  Assad,  Syria  (35°  50’ 
N,  38°  40’  E)  and  north  of  Tadmur,  Syria  (34°  36’  ^4. 38°  15'  E).  The  duststoon  track  is  cast  across  Dawr  az  Zawr, 
Syria  (35°  21 ’N,  40°  09’  E). 

Mesopotamian  Source  Area  13  is  to  the  .south  of  Dezful.  Iran  (32°  2j’N,  48°  28’  E).  Tlie  dust  Uack  is  south, 
over  the  northeastern  Persian  Gulf. 

IMesopotamlan  Source  Area  14  lies  to  the  east-northeast  of  Ar  Rutbah,  Iraq  (33°  03’  N,  40°  18’  E)  near  33° 
18’  N,  41°  30’  E.  The  area,  which  consists  of  dry  iakcbeds  and  .streambeds,  has  been  observed  in  suinmc'  and  fall; 
winds  range  from  northwest  in  the  .<uinmer  to  southwest  in  the  fall.  It  takes  a  strong  surge  of  winds,  usually 
postfrontal  jet  convergence,  to  generate  duststorms  here. 


3.2  SOUTHWEST  ASIA  DUSTSTORM  SOURCES 

Southwest  Asia  includes  eastern  Iran.  Paki.stan,  Afghanistan,  northwestern  India,  and  the  south-cenual  USSR.  The 
template  map  in  Figure  3-2  can  be  used  to  make  overlay  transparencies  for  DMSP  ascending  node  normal  grid. 


FIgurt  3-2.  SOUthWMt  Asia  tamplala  map.  DMSP  F-6  imagery  frmn  24/0230Z  May  1985. 
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Southwest  Asia  Source  Area  1  (31..^'’  N,  6!.4°  E)  lies  on  ihc  casicm  shores  of  Hamun-c  SaK’ri  in  eastern  Iran 
and  western  Affihanisian.  just  north  of  Zahol,  Iran,  and  northwest  of  Zarani,  Afghanistan.  It  is  only  obse-rved  when 
winds  arc  northwest  to  north. 

Southwest  Asia  Source  Area  2  (27.3"  N,  .38"  E  t»)  27.2"  N.  61°  El  is  a  Hat  area  with  most  sand  coming  from 
Hanuin-e  Ja/  Marian,  a  dry  lake  Ix'd  about  .3  degree  in  diameter  at  27.3°  N.  58.8°  E.  Stonns  usually  occur  when 
northwest  to  north  winds  push  dust  southeast  to  southwest  acro.ss  the  Gulf  of  Onuin  to  the  Strait  of  Htirmuz.  Tlie 
three  small  villages  (,f  Zeh  Kalat,  Surgabad.  and  (Jol  Marti  are  nearby.  Since  this  source  region  is  on  an  interior 
plateau  in  the  southern  Zagros  Mountains,  storm .  are  conuuned  by  the  mountains  except  in  extreme  cases. 

Southwest  Asia  Source  Area  3  is  on  the  southern  Iranian  coast  of  the  western  Gulf  of  Oman  from  27"  N,  37°  E 
to  23.3°  N,  60°  E.  .Although  it  is  relatively  small,  its  trajectory  takes  dust  into  the  fiulf  of  Oman  where  it  presents  a 
hazard  to  shipping. 

Southwest  Asia  Source  Area  4  is  immediately  adjacent  to  Area  I  in  western  Afghanistan  (.30.7°  N,  62°  El  and 
requires  the  same  northwest  to  north  winds  for  activation.  The  area  is  north  of  the  towns  of  Kaitdi,  Cl>ahar  Rorjak 
and  Ashkinak,  all  in  Afghanistan.  It  is  very  large  and  generates  massive  amounts  of  blowing  dust  Dust  from  Area 
4  moves  to  the  southeast  and  south  and  is  Tunneled  through  a  large  unnamed  pass  at  2*).2°  N,  63.1°  E  from 
Afghanistan  into  Pakistan. 

Southwest  Asia  Source  Area  5  is  an  extension  of  Areas  I  and  4.  but  it  can  generate  blowing  tltist  by  itself  as 
winds  funnel  Irom  the  north  ihrougii  the  p:.ss  at  29.2°  N.  63.1°  E  from  Afghanistan  into  Pakistan’ and  southeast  to 
south  into  the  northern  Arabian  Sea.  Area  5  extends  from  the  pass  to  a  dry  lake  bed  at  28.3°  N.  6.3°  E.  It  is  .3 
degrees  in  diameter.  Although  the  strongest  wiruls  tKcur  alter  wir*.  *  frontal  passages,  summer  winds  arc  also  stnmg 
enough  to  raise  dust. 

Southwott  Asia  Sourca  Araa  6  lies  to  the  south  of  llamun-c  Saberi  and  northeast  of  Daryuchch-ye  Hamun, 
northwest  of  ZaKil,  Iran.  This  very  small  source  area  needs  a  northwest  to  north  wind  to  lift  dast. 

Southwaat  Asia  Sourca  Araa  7  is  another  dry  lake  bed.  healed  at  26.8°  N,  63.7°  E,  just  west  of  the  town  of 
Panjgur,  Pakistan.  Mountains  offer  some  protect'')n  but  winds  arc  strong  enough  to  lift  the  dust  as  it  bhiws  from 
Arras  1,4,  and  3  toward  the  northern  Arabian  .>ea.  A  grad  tai  decrease  in  cicvaiinn  toward  sea  level  enhances  dust 
suspension. 

Southwaat  Aaia  Sourca  Araa  8  is  the  Dasht-'-Lut  (or  Kavir-c  Lul,  (he  Lul  Desert),  located  at  30.3°  N,  39.2°  E. 
There  is  a  dry  lake  bed  along  the  southern  extreme  at  29.3°  N.  .39.1°  E.  The  nearest  villages  (.3-1.0  degrees 
south-southwest)  are  Bam,  Allahabad,  Fahraj.  and  Qalch-ye  Chasmeh,  all  in  Iran.  Northwest  to  northeast  winds  lift 
the  dust  and  move  it  southeast  to  south  where  it  joins  with  Area  2. 

Southwaat  Aala  Sourca  Araa  9  comprises  a  row  of  dry  lake  beds  that  extend  from  32.7°  N,  33.9°  E  to  33.8°  N, 
32.4°  E  along  the  eastern  slopes  of  the  Zagros  Mountains.  The  nearby  villages  of  Kashan  and  Ardestnn  arc  sriuth  of 
the  mirthern  portion,  and  Na'in  is  west  of  the  southern  ptirtion.  This  area  is  sheltered  and  n'quircs  an  extremely 
strong  fr(mlal  system  to  generate  the  strong  WSW  to  WNW  winds  needed  to  move  Ihc  dust 

Southwaat  Aala  Sourca  Araa  10  is  an  extension  of  Area  9.  kwated  at  33.1°  N.  33.3°  E  near  Baiazch.  It  is  also 
a  dry  la«c  bed  and  it  requires  the  same  wind  forces  as  Area  9. 

Southwaat  Aala  Sourca  Araa  11  is  composed  of  several  dry  lake  beds  that  lie  to  Ihc  cast  and  southeast  of 
Esfahan  at  32.2°  N,  33.0°  E  to  32.4°  N.  32.4°  E.  Ibis  is  another  extension  ol  Area  9,  and  requires  the  same  stnmg 
winds. 
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3.3  RED  SEA  AREA  DUSTSTORM  SOURCES 


The  Red  Sea  area  includes  Egypt,  northeastern  Sudan,  the  Sinai,  Jordan,  and  the  northwestern  half  of  Saudi  Arabia. 
Figure  3-3  is  a  template  map  for  clear  u^anspareacy  reproduction  and  overlay  for  DMSP  ascending  node  grid. 


Figure  3-3.  Red  Sea  Area  template  map.  DMSP  F-7  imagery  from  I8/07I4Z  June  1985. 
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Red  Sea  Source  Area  1  is  at  the  Tokar  Gap  (IR.l”  N,  37.5°  E)  in  northeastern  Sudan.  Seas.rnal  gradients  are 
responsible  for  the  direction  in  which  the  dust/sand  is  blown.  !n  the  summer,  the  direction  is  to  the  northeast  and 
into  the  Red  Sea.  Dust  frequently  blows  into  the  Red  Sea  for  several  days,  filling  the  auiiosphere  from  the  Tokar 
Gap  south  to  the  Gulf  of  Aden  with  suspended  dusl/ha/e.  In  the  summer,  if  thermal  low  pressure  is  U)  the  west,  dust 
also  blows  into  these  cyclonic  circulations.  During  the  winter,  the  du.st  primarily  blows  to  the  west  across  Sudan 
because  of  the  stronger  high  pressure  to  the  northwest.  Thermal  contrasts  and  funneling  through  the  Gap  tciids  to 
intensify  the  winds;  although  there  are  no  local  weather  observations,  the  sharpness  of  the  du.st  plume  and  speed  of 
movement  suggest  that  30-50  knot  winds  may  be  common. 

Red  Sea  Source  Area  2  is  in  the  northwestern  highlands  of  Saudi  Arabia  north  and  south  of  Medina.  Directions 
of  movement  may  be  as  variable  as  during  the  summer.  After  frontal  passage,  dust  tends  to  travel  to  the  .southeast  or 
south.  Prefronul  dust  (and  in  extreme  cases,  postfrontal  du.st)  tends  to  be  blown  to  the  northeast  or  ea.st.  Shear-line 
dust  is  confined  in  the  highlands,  but  on  isolated  occasions  when  high  pressure  builds  in  northern  Saudi  Arabia,  it  is 
blown  west  into  the  northeastern  Red  Sea. 

Red  Sea  Source  Area  3  is  a  dry  lake  bed  in  southern  Jordan  to  the  east  of  Ma’an  at  30.3°  N,  36.3°  E.  This  is 
generally  a  postfrontal  area  that  blows  to  the  northeast  and  ea.st  as  frontal  convergence  moves  through.  Strong  winds 
(.30-40  knots)  can  occur;  winds  over  the  highlands  along  the  eastern  Jordan  valley  usually  show  evidence  of 
turbulence  through  the  existence  of  roll  and  rotor  clouds. 
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4.  DUST  FORECASTING 


Because  most  blowing  sand  and  dust  occurs  over  the  open  desert  where  there  are  few,  if  any,  weather  reporting 
stations,  forecasting  these  phenomena  is  extremely  difficult.  Satellite  imagery  is  clearly  the  best  way  to  supplement 
what  few  observations  there  arc,  but  accurate  forecasting,  even  with  satellite  photos,  remains  a  problem.  To  forecast 
the  onset  of  lifted  dust/sand,  a  lifting  threshold  must  be  established  and  considered.  Once  dust  is  suspended,  a 
settling  threshold  helps  determine  the  duration  of  the  event.  In  order  to  be  able  to  use  cither  of  these  thresholds, 
forecasters  mu.st  h:>ve  some  knowledge  of  sand/dust  particle  sue  in  the  area  of  interest.  Years  of  observation  and 
experience  with  the.<:e  three  elements  have  yielded  some  rules  of  thumb  that  work  in  most  cases. 

4.1  LIFTING  THRESHOLDS 

Before  dust  can  be  lifted,  certain  atmospheric  criteria  must  be  met  (Kalu,  1979).  Although  wind  is  an  important 
factor,  it  is  not  the  only  one.  Obviously,  if  dust  is  to  be  lifted,  the  ground  must  be  dry  enough.  Next,  there  must  be 
upward  vertical  motion,  either  by  the  convection  common  to  deserts,  or  by  a  synoptic  feature  (such  as  a  frontal 
slope).  Finally,  since  laminar  windflow  alone  will  not  lift  dust,  some  sort  of  turbulence  must  be  present  to  scour  the 
particles  away  from  the  desert  surface.  Once  these  conditions  have  been  met,  all  that  remains  is  for  wind  speed  to 
increase  above  the  lifting  threshold  established  for  the  dust  particies  in  a  particular  area. 

Lifting  threshold  is  the  speed  at  which  the  wind  is  capable  of  lifting  dust  particles  of  a  given  size  into  the 
atmosphere.  The  actual  force  requited  is  not  only  the  horizontal  wind  speed,  but  the  upward  vertical  speed,  as  well. 
Upward  vertical  speed  can  be  calculated  by  taking  one-llfth  of  the  surface  wind  speed  (Bagmid,  1984).  The  amount 
of  upward  speed  required  depends  totally  on  panicle  size;  the  larger  the  panicle,  the  greater  the  upward  speed 
requited  to  keep  it  aloft  Studies  show  that  upward  speeds  as  low  as  1.3  mps  (4.3  fps)  are  capable  of  keeping 
lSO-mi:ton  panicles  .^spended. 

Most  studies  conclude  that  horizontal  thresholds  begin  at  1 1-18  MPH  (9.6-1  S. 6  kts).  One  of  the  best  of  these  studies 
is  documented  in  Natick  Laboratories’  Technical  Repon  ES-8,  which  slates  that  the  first  panicles  of  dust  and  sand  to 
move  with  windspeeds  of  1 1-30  MPH  (9.6-26  kts)  arc  those  from  .08  to  1  mm  (80-100  microns)  in  diameler.  Larger 
panicles  (1-2  mm)  are  lifted  at  3545  MPH  (36.441.1  kts).  Panicles  larger  than  2  mm  require  winds  greater  than  50 
MPH  (43.5  kts),  and  panicles  larger  than  4  mm  are  seldom  moved  at  all.  Particles  smaller  than  .08  mm  require 
sharply  higher  wind  speeds  to  be  lifted.  For  example,  a  .study  conducted  in  the  California  desen  showed  that 
.002-mm  (2-micron)  particles  were  not  moved,  even  by  winds  greater  than  50  MPH  (43.5  kts).  It  would  appear, 
then,  that  the  most  common  particle  sizes  (about  I  to  50  microns)  have  lifting  thresholds  greater  than  1 1  MPH/9.6 
kts  (Stewan  et  al,  1985).  Either  this  breakdown  is  not  completely  correct,  or  the  saltation  of  the  first  panicles  to  be 
lifted  would  cause  the  smaller  panicles  to  be  hurled  aloft  by  their  impact  upon  the  ground.  This  tends  to  be  the  most 
likely  explanation. 


The  California  study  gave  a  rough  list  of  windspeeds  required  to  lift  dust  from  several  different  desen  environments. 
The  areas  known  as  "playas"  in  the  United  States  are  called  "sabkhas"  in  the  Middle  East  (Walker,  1986).  Traffic, 
whether  by  people,  animals,  or  vehicles,  lowers  pickup  speeds. 


Fine  to  medium  .sand  in  dune  covered  areas 
Sandy  areas,  poorly  developed  desert  pavement 
Fine  material,  desen  flats 
Alluvial  fans,  crusted  playas 
Well  developed  desen  pavements 


10-15  MPH  (8.7-13  kts) 

20  MPH  (17.4  kLs) 
20-25  MPH  (17.4-21.7  kts) 
30-35  MPH  (26.1-30.4  kts) 
40  MPH  (36.8  kts) 


According  to  Gillette  (1979),  du.st  particles  capable  of  traveling  great  distances  are  usually  smaller  than  20  microns. 
Since  panicles  associated  with  mo.st  Middle  East  winds  uavel  the  length  of  the  Arabian  Peninsula,  at  least  .some  of 
the  dust  cloud  must  be  composed  of  panicles  of  this  size.  The  larger  particles  would  settle  out  of  the  atmosphere 
(Berkofsky,  1982)  close  to  the  source  region. 


4.2  SETTLING  THRESHOLDS 


The  converse  of  upward  vertical  speed  (the  speed  required  to  keep  particles  suspended)  is  "settling  speed."  Dust 
remains  suspended  in  the  atmosphere  as  long  as  there  is  enough  upward  vertical  motion  to  keep  it  there.  The  speed 
at  which  a  given  particle  falls  through  the  aunosphere  is  referred  to  as  the  "terminal  velocity"  of  that  particle,  a 
constant  (Stewart  et  al,  1985).  As  lung  as  the  upward  speed  is  greater  than  a  particle's  terminal  velocity,  the  particle 
will  remain  aloft.  Acceleration  continues  only  until  the  particle  reaches  its  terminal  velocity;  from  that  point  on,  the 
particle  falls  at  a  constant  rate  so  long  as  no  other  factors  influence  it.  (Bagnold,  1984). 

The  terminal  velocity  of  a  particle  is  directly  proportional  to  its  sire;  Gravity  acts  on  the  particle  in  accelerating  it 
downwards,  and  atmospheric  resistance  acts  against  it  as  it  falls.  The  larger  the  particle,  the  faster  it  descends.  For 
example,  studies  show  that  particles  descend  at  the  following  rates  in  feet  per  second  (fps);  ISO  microns  at  3  fps, 
40-74  microns  at  I  fps,  and  S  microns  at  0.01  fps  (Greveris,  1977).  Other  studies  confirm  these  descent  rates; 
Hoock  (1984)  found  that  particles  larger  than  100  microns  fall  out  al  speeds  higher  than  2.5  fps. 

Using  Sloke’s  Law,  Lawson  (1971)  found  that  particles  of  between  10  and  SO  microns  fall  at  about  1,000  feet  per 
hour  (fph),  a  figure  that  seems  to  correlate  well  with  most  actual  cases.  It  has  been  used  to  determine  the  lifespan  of 
larger  dust  devils  in  the  desen  southwest  of  the  United  States  with  some  success,  and  has  also  been  used  to  compute 
the  settling  of  suspended  dust  in  New  Mexico  after  hrge-scale  duststoims. 

Using  1,000  fph,  if  dust  is  lifted  to  5,000  feet  and  the  wind  drops  to  below  terminal  velocity  (assume  it  to  be  light 
and  variable),  the  dust  will  .seule  in  about  5  hours.  Settling  is  by  particle  sb.e,  with  the  largest  falling  out  first  and 
the  smallest  falling  out  last.  The  fallout  occurs  over  a  distance  if  the  dust  cloud  is  advected,  with  the  larger  and 
heavier  particles  settling  near  the  source  area  and  the  smaller  ones  sealing  some  ih.stancc  away.  Examples  can  be 
seen  across  the  Arabian  Peninsula,  where  smaller  panicles  have  settled  for  years  in  the  southern  portion  now  known 
as  the  "Empty  Quarter,"  a  vast  sea  of  sand. 

4.3  EFFECTS  OF  PARTICLE  SIZES 

Panicle  size  plays  an  important  pan  in  both  lifting  and  settling  thresholds.  It  is  not  a  simple  case  of  the  smallest 
panicles  being  lifted  first  with  weak  winds,  however.  The  fact  is  tint  a  favored  si/e  is  lifted  first,  followed  by  an 
apparent  bell-curve  effect  with  gradually  increasing  windspeeds.  Settling,  on  the  other  hand,  is  based  sttictly  on  the 
eff^ccLs  of  gravity  and  atmospheric  resistance.  Longer  suspension  times  for  smaller  particles  arc  responsible  for  the 
long  periods  of  du.st  haze  in  arid  areas.  The  harmattan  haz.e  of  equatorial  Africa  is  an  example  of  dust  remaining 
aloft  fur  extended  periods  of  time. 

There  have  been  studies  to  determine  dust  particle  sizes  in  partkafau’  areas,  each  of  which  features  particles  of 
.specific  chemical  composition  and  size.  Altliough  some  areas  are  similar,  each  usually  has  .some  special 
characteristics  that  make  that  it  unique.  Hoock  (1984)  provides  some  general  panicle  categories.  He  puLs  clay  al 
IC.S.S  than  2  mienms;  sill  at  between  2  and  74  microns;  and  samVgravel  al  greater  than  74  microns.  This  would 
suggest  that  blowing  dust  is  composed  largely  of  silt,  and  that  getienlly,  no  clay  is  lifted.  The  larger  particles  fall 
imo  the  sand  and  gravel  range. 

Studies  conducted  at  Yuma  Proving  Ground  by  Greveris  (1977)  .stiatificd  particle  .size  by  composition.  Greveris 
showed  that  the  composition  of  dust  particles  with  diameters  less  thM  40  microns  was  82%  clay,  gyp.sum,  and 
carbonates;  18%  was  quartz.  Particles  larger  than  40  microns  were  69%  quartz;  3t%  was  clay,  gypsum,  and 
carbonates.  Similar  studies  in  Israel  by  Ganor  (1975)  as  quoted  by  Gerson  et  al.  (unkn)  revealed  that  silt  (2-74 
microns)  composition  in  the  Negev  Desert  was  .30-45%  quartz,  30-50%  calcite,  10-20%  dolomite,  and  5-15% 
feld.spars.  The  hills  in  Israel  were  found  to  be  rich  in  kaolinite  (while  day  of  aluminum  silicate),  which  was  replaced 
in  the  more  arid  environments  by  monlmorillionite  (a  type  of  clay  consisting  of  aluminum  silicate  in  which  the 
aluminum  may  be  replaced  by  magnesium).  These  .substances  are  the  .uimary  reasons  for  clay’s  .small  particle  size. 


While  other  arid  areas  may  have  soils  of  similar  composition,  there  are  wide  variations.  For  example,  the  pure 
gypsum  of  extremely  small  particle  si/e  found  at  White  Sands,  New  Mexico,  contrasts  sharply  with  the  rest  of  the 
Tularosa  Basin,  which  is  composed  of  gritty  sand. 


Without  detailed  particle  size  information,  making  Firm  a.s.sessments  about  lifting  and  settling  in  a  given  area  must  be 
based  on  experience  rather  than  scientific  method.  Earlier,  a  preliminary  soil  analysis  of  eastern  Saudi  Arabia 
showed  that  there  was  no  clay  there,  but  that  there  was  more  s^d  than  in  the  Negev  Desert  sample,  which  proves 
that  larger  particles  seule  out  first,  while  smaller  particles  are  carried  farther  south. 


The  effects  of  particle  size  on  visibility  remains  an  elusive  quantity.  A  formula  of  these  effects  was  developed  in 
Sudan  and  Egypt  with  .some  success,  but  the  correlation  was  lost  when  it  was  tested  in  other  areas.  Airborne  dust 
tends  to  scatter  and  refract  light  (Hoock,  1984);  the  more  uniform  the  dust  content  in  the  air,  the  more  refraction. 
As  dust  particles  settle  within  an  airmass,  particles  of  similar  sizes  refract  light  much  as  ice  crystals  produce  halos 
and  coronas.  Suspended  dust  lowers  slant  range  visibility  when  the  sun  angle  is  low  (at  sunrise  and  sunset),  but 
visibility  is  better  with  higher  sun  angles  or  when  the  observer  looks  vertically  through  the  dust  cloud. 
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RULES  OF  THUMB  FOR  SAND/OUST  FORECASTING 

The  lifting  threshold  for  fine  dust  particles  is  15  knots. 

The  average  height  of  a  duststom  is  from  3,000  to  6,000  feet 

Temperatures  in  satellite  imagery  show  that  the  ‘ops  of  stronger  duststorms  reach  to  between  10,000  and 
18,000  ft  The  climatological  temperature  for  those  levels,  therefore,  is  the  temperature  required  for  the  top  of 
the  enhancement  slope  in  a  satellite  enhancement  curve. 

The  base  temperature  on  an  enhancement  .slope  for  a  satellite  enhancement  curve  is  the  suiface  ".skin" 
temperature  for  the  area  of  interest.  Note  that  this  "skin”  temperature  is  NOT  the  free  air  (or  shelter) 
temperature  given  in  surface  weather  observations,  but  the  satellite-determined  temperature  of  the  ground  in 
sunlighL  It  is  frequently  10-15  degrees  higher  than  the  air  temperature. 

Blowing  or  suspended  dust  settles  when  winds  drop  below  the  sealing  threshold  of  15  knots. 

Suspended  dust  generally  settles  at  a  rate  of  1,000  feet  per  hour.  This  rate  can  be  used  to  determine  the  time 
required  to  clear  the  air  of  dast  particles  and  restore  visibility.  The  .settling  occurs  in  the  area  to  which  the  dust 
cloud  has  been  advected.  Frequently,  source  areas  clear  instantly  when  winds  drop  below  the  threshold  speed. 

Blowing  dust  does  not  usually  occur  for  24  hours  after  a  rainfall  if  the  ground  is  sufficiently  dampened.  A 
sustained  wind  dries  the  ground  faster  if  the  pressure  gradient  is  maintained. 

Haze  and  suspended  dust  associated  with  extreme  storms  have  been  reported  as  high  as  35,000  to  40,000  feet. 

When  thermal  low  pre.ssure  associated  with  the  Monsoon  Trough  is  over  soiiihem  Saudi  Arabia,  duststorms 
run  in  a  3-day  cycle  as  new  dust  is  lifted  in  Iraq  every  day  to  uavel  southward.  The  dust  docs  not  settle,  but 
continues  to  advect  southward  into  the  cyclonic  circulation,  which  is  usually  visible  on  satellite  imagery  and 
covers  most  of  the  Arabian  Peninsula  with  du-st 

Visibilities  in  blowing  dust  are  usually  between  0  and  .5  nm  in  or  near  a  source  area.  On  the  edges  of  blowing 
dast,  and  downstream  for  100- 1 50  miles,  visibilities  are  .75  to  3  nm.  As  the  suspended  dust  settles,  visibilities 
usually  return  to  2-5  nm. 
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1 1 .  DusLstorms  associated  with  cold  fronts  are  capped  by  the  frontal  inversion. 

12.  Summer  shamal-type  dusLstorms  are  generally  capped  by  an  inversion  (frequently  called  a  "turbulence 
inversion")  created  by  mixing  in  the  lower  layers  of  the  atmosphere.  Heights  average  I  ^(K)-6,(MX)  feet. 

1 3.  Rapid  heat  loss  due  to  nocturnal  radiation  helps  lower  the  inversion  to  the  surface  and  settles  the  di''.t 

14.  Duststorms  are  usually  cut  off  at  the  source  area  near  sunset. 

15.  Blowing  or  su.spendcd  dust  produces  massive  amounts  of  refraction  and  nia’'.es  light  .sources  appear  several 
times  larger  than  normal  or  creates  a  glow  within  the  dust  cloud. 

16.  Suspended  du.st  is  sorted  by  particle  size  into  fairly  homogeneous  zones  in  the  atmosphere,  creating  areas 
capable  of  reflecting  and  refracting  light  sources  into  unique  patterns  that  may  be  misinterpreted  as  other 
objects.  Halos,  coronas,  and  sun  dogs  are  examples  of  this  phenomenon  as  it  results  from  evenly  distributed 
water/ice  particles  in  the  atmosphere. 

17.  Most  duststorms  originate  in  specific  source  areas  that  can  be  identified  in  satellite  imagery-see  Pan  3.  These 
source  areas  generate  daststorms  on  a  recurring  basis  whenever  conditions  for  lifting  the  source  material  are 
met 

18.  Source  areas  in  the  Middle  East  are  generally  lighter  in  color  on  satellite  imagery  than  the  surrounding  terrain. 
The  lighter  color  indicates  that  these  sources  are  probably  composed  of  sah  and  gypsum,  common  minerals  in 
deserts  due  to  high  evaporation  rates.  Dry  lake  beds  and  the  caps  of  underground  domes  of  salt  and  gypsum 
(normally  found  in  areas  of  large-scale  oil  production)  are  also  lighter  in  color. 

19.  Dust  devils,  a  small-scale  hazard  in  desert  areas,  usually  first  occur  in  late  March  or  April.  Rules  of  thumb  for 
occurrence  are;  3  days  without  precipitation,  temperature  above  80°  F,  a  very  weak  gradiem  that  allows  winds 
to  be  light  and  variable  (generally  less  than  3-8  knots),  and  finally,  clear  to  scauered  skies.  Once  formed,  thc.se 
small  cyclones  can  generate  strong  updrafts  to  lift  dust  and  other  loose  objects.  Oust  devil  winds  are  usually 
13-25  knots,  but  40-30  knots  have  been  reported.  Direction  of  uavel  b  generally  upslope.  Du.st  devils  cun 
exceed  several  thmisand  feet  in  height.  Unless  dust  or  loose  debris  is  present,  these  cyclones  are  difficult  to 
spot;  they  can  be  a  serious  ha7.ard  to  aircraft  landing,  taking  off,  or  taxiing. 

20.  Blowing  dust  occurs  in  a  zone  of  maximum  winds  in  the  lower  levels  of  the  atmosphere  as.sociatcd  with 
converging  jet  sueams  at  200-230  mb.  Usually,  the  polar  and  subtropical  jet  streams  merge  as  an  area  of  low 
pressure  moves  into  a  region.  Frequendy,  the  converging  jets  are  in  the  southern  to  .southeastern  quadrants  of 
the  low-pressure  area.  To  identify  the  area  of  strongest  winds  and  blowing  dust,  .slack  this  convergent  area  to 
the  surface  toward  the  cooler  air  (toward  the  northeast). 

2 1 .  Duststorms  create  the  potential  for  large  eleciro.sialic  di.scharges;  to  prevent  damage,  ground  everything. 

22.  This  is  a  simple  lifting  ihrc.shold  table;  note  that  traffic,  whether  by  people,  animals  or  vehicles,  lowers 
thresholds.  The  areas  known  as  "playas"  in  the  United  States  are  called  "sabkhas"  in  the  Middle  East  (Walker, 
1986). 

Fine  to  medium  sand  in  dune-covered  areas  10  to  1 3  MPH 
Sandy  areas,  poorly  developed  desert  pavemcm  20  MPH 
Fine  material,  desert  flats  20  to  23  MPH 

Alluvial  fans,  crusted  playas  30  to  33  MPH 

Well  developed  desert  pavements  40  MPH 


25 


23.  Thi.s  i.s  a  table  of  thermal  conirasU!  for  onset  intensities  of  the  winter  shamal  (Peer,  1984): 


.30  knots  for  Delta  T  =  10°  C 

3.*)  knots  for  Delta  T  =  1  .“i®  C  Average  gusts  10  knots  greater. 

40  knots  for  Delta  T  =  20°  C  Peak  gasts  1 5-20  knots  greater. 

45  knots  for  Delta  T  =  25°  C 

24.  The  likelihood  of  duststorms  is  increased  at  least  five  times  by  largc-.scalc  .Tiilitary  operations  in  the  desert; 
this  was  a  lesson  learned  from  the  «940’s  British  desert  campaign  in  the  North  African  Sahara,  as  ftxtuiotcd  in 
NAVENVPREDRSCHFAC  Technical  Bulletin  804)2,  1980. 

25.  The  presence  of  a  nocturnal  jet  of  .30  kts  or  greater  between  l,(K)0  and  3,(X)0  feel  signals  the  onset  of  a  summer 
shamal  outbreak.  This  graph  (from  Membcry,  1983)  will  help  in  forecasting  the  pre.sence  of  the  nocturnal  jet. 


NOMOGfiAH  TO  CALCUtATE  SPEED  t  HEIGHT  OF  NOCTURMAL  JET 


FIgura  4-1.  NofTtogram  to  b#  iisod  for  forecasting  speed  and  height  of  the  nocturnal  let. 
(Mambery,  1983).  Straight  line  A  is  compiled  from  98  data  points;  curve  B,  from  86  data  points.  Step  I: 
Forecast  magnitude  tif  inversion  (e.g.,  5°  C)  and  kxratc  intercept  with  A.  Step  2:  Read  off  speed  of  low-level 
maA-40  knots.  Step  3:  Read  off  most  probable  height  of  max-8(K)  ft.  Valid  for  inversions  3°  C  <  1  <  9°  C  and  for 
.speeds  24  <  S  <  46  knots. 


5.  ENHANCING  THE  APPEARANCE  OF  DUST  IN  SATELUTE 
IMAGERY 

Satellite  imagery  is  unrivaled  for  providing  information  about  synoptic  weather  features  and  severe  weather  potential 
(Anthony,  1977).  It  is  also  important  in  the  detection  of  blowing  dust,  but  there  is  a  problem  witfi  interpretation  of 
the  dust  features.  Since  dust  is  a  surface-based  phenomenon,  the  thermal  contrast  for  detection  by  the  infrared 
window  is  very  small,  resulting  in  a  small  degree  of  change  in  appearance  on  satellite  imagery.  In  the  satellite’s 
visual  window,  the  amount  of  dust  detected  varies  depending  on  the  temtin  the  du.si  is  advected  over.  Dust  over  a 
dark  body  of  water,  for  example,  provides  a  good  dust  signature  in  visual  imagery.  But  dust  over  land  is  less 
obvious  because  the  dust  cloud  and  the  surface  have  the  same  basic  coloration.  Time  of  day  also  affects  visual 
imagery;  a  low  sun  angle  results  in  increased  refraction  in  the  dust  and  creates  a  three-dimensional  effect,  with 
shadows  over  the  top  and  sides  of  the  dust.  A  high  sun  angle  results  in  less  refraction  and  lends  a  transparent 
tendency  to  the  dust  cloud.  The  solution  to  dust  detection  problems,  then,  lies  in  learning  how  to  enhance  satellite 
imagery.  There  are  several  ways  to  do  this.  One  way,  effective  with  direct  readouts,  is  to  enhance  the  infrared 
window  to  increase  the  contrast  and  detail  in  areas  where  the  dust  might  be  found.  Other  methods,  which  include 
making  composite  imagery  and  histogram  curves,  require  a  computer  to  manipulate  the  data. 

5.1  LITHOMETEOR  ENHANCEMENT  CURVES  FOR  ORBITING  SATELLITES 

The  detection  of  liihometeors  by  satellites  is  difficult  for  two  reasons.  The  first  is  that  .satellite  scn.sors  are  designed 
to  detect  water  vapor,  and  lithomctcors  (i.e.,  sand  and  dust)  arc  dry.  Second,  lithometeors  are  usually  confined  to  a 
thin  layer  near  the  surface,  where  thermal  contrast  is  minimal. 

The  ability  to  manipulate  satellite  imagery  to  enhance  a  desired  section  of  the  imagery  requites  that  the  manipulator 
know  exactly  what  needs  to  be  enhanced  and  how  to  convey  that  information  to  the  readout  equipment.  The  concept 
is  easy.  The  infrared  sensor  on  the  satellite  woilis  on  a  scale  from  hot  to  cold,  which  is  depicted  in  shades  of  black 
to  white.  "Normal"  imagery  has  a  gentle,  gradual  slope  at  about  a  4S-degree  angle  from  hot  (black)  to  cold  (white). 
To  enhance  a  section  of  imagery,  that  .section  must  be  slanted  more  toward  the  vertical.  The  same  spectrum  of 
colors  is  available,  but  the  spread  of  temperature  is  reduced,  thus  creating  the  enhancemenL  Once  the  required 
temperatures  to  be  enhanced  are  known,  they  must  be  converted  into  input  *'alues  that  the  machine  can  understand. 
Input  values  range  from  0-255,  but  different  sensors  have  different  input  vdues  for  the  same  temperature.  The 
output  values,  which  tell  the  equipment  what  color  to  produce,  also  range  frou.  9-235.  On  the  NOAA  satellite,  0  is 
black  and  2SS  is  white-see  Figure  S- 1 . 


White 

255 


Black 

0 


Hot  255  Cold 


Figure  S>1.  Exampla  NOAA  enhaneameni  curve. 
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To  eliminate  the  thermal  contrast  problem,  the  enhancement  curve  must  have  a  steep  slope  of  enhancement  that 
confines  the  imag^  lo  a  very  small  thermal  window.  The  key  to  this  enhancement  curve  is  to  base  the  bottom 
(warmest)  temperature  as  close  as  possible  to  the  sea.sonal  surface  temperature  of  the  area  ol  interest.  Consideration 
must  also  be  given  to  the  time  of  day  the  orbiting  satellite  pa.sses  over  area  of  interest.  By  doing  this,  the  section  of 
data  thermally  enhanced  is  the  layer  closest  to  the  earth’s  surface  where  lithometeors  occur  most.  The  steeper  the 
enhancement  slope,  the  smaller  the  thermal  window  and  the  more  detailed  the  imagery.  With  the  smaller  therma 
window  however  it  is  harder  to  keep  the  window  aligned  with  surface  temperatures,  especially  during  seasonal 
transitions  or  with  large  geographic  temperature  contrasts.  For  the  best  results,  temperatures  should  be  fine-tuned 

daily. 

Since  the  original  enhancement  technique  was  developed  by  NOAA,  and  since  the  maximum  occurrence  of  blowing 
dust/sand  is  in  the  afternoon,  NOAA9  was  used  to  implement  the  enhancement  curves  because  it  had  a 
mid-afternoon  nodal  crossing.  All  the  imagery  used  was  Channel  4  infrared  (IR)  data  from  NOAA  .satellites.  The 
curves  also  work  on  DMSP  satellites,  but  poor  nodal  time  crossings  for  liihomctcor  detection  and  a  smaller  thermal 
range  in  the  IR  channel  require  more  detail  in  the  enhancement  curve  for  adequate  dust  detection. 

The  original  NOAA  enhancement  curve  had  a  thcnnal  window  from  +30°  C  to  +10°  C.  This  curve,  used  in  the 
early  summer,  showed  the  blowing  dust  slightly  better  than  tincnhanced  IR  data.  But  under  closer  examination,  the 
curve  was  too  cool  for  the  extreme  temperatures  of  the  Middle  East.  The  bands  of  dust  appeared  to  be  enhanced  at 
about  the  gradient  level-see  Figure  5-2. 
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To  delect  surface  dust  better,  the  base  temperature  of  the  enhancement  slope  was  moved  out  to  +38°  C  while  the  lop 
of  the  slope  was  mainiained  at  +!0°  C.  This  curve  showed  remarkable  detail  and  woikcd  extremely  well  through  the 
summer  months.  Usually,  the  amount  of  sand  detected  was  three  to  five  times  as  much  as  on  unennanced  IR 
imagery.  Small-scale  circulations  can  be  detected  in  the  enhanced  .sand  pflerns,  revealing  small  anticyclones  and 
cyclones.  This  imagery  provides  excellent  additional  input  to  conventional  surface  analysis  techniques,  especially  in 
data-sparse  areas.  The  most  notable  problems  with  the  summer  curve  were  that  coastal  and  vegetated  areas  arc 
substantially  cooler,  resulting  in  a  distoned  appearance  because  of  the  moisture  and  cooler  air.  Also,  because  there 
is  no  slope  that  provides  data  cooler  than  +10°  C,  all  data  cooler  than  +10°  C  is  "bleached  oui”"Scr  Figure  5-3. 


FlguraS-S.  NOAAMimncrMnoncunt*. 


The  be.st  enhancement,  developed  for  midsummer  NOAA  use,  doubles  as  the  whner  curve  for  DMSP  imagery.  The 
base  temperature  was  extended  to  +47°  C  with  a  gradual  slope  up  to  +30°  C.  Ihea  sloped  sharply  up  to  +5°  C  for 
du.si  enhancement.  This  curve  has  a  second  slope  that  drops  hack  to  +4.5°  C,  then  slopes  slowly  up  to  -40°  C  to 
bring  back  detail  in  the  cooler  areas  of  the  imagery  (higher  ckiuds  or  cooler  terraia).  This  imagery  offers  sharp  detail 
of  -surface  features  across  desert  areas,  good  depiction  and  detection  of  mid-day  dasl,  and  good  depiction  of  middle 
and  high  clouds.  The  basic  concept  for  deriving  enhancemem  slope  lempetaiutes  was  to  use  the  climatic 
temperature  across  the  desert  a:  the  NOAA  nodal  crossing  for  the  base  lempeialare  (+47°  C).  Because  the  author's 
experience  showed  that  the  denser  dust  "cloud"  wus  usually  below  10,000  fret,  bat  occusionally  higher,  500  irb 
(18,000  feet)  was  selected  as  the  lop  temperature  for  the  slope  (+5°  C).  Ileae  temperatures  coukl  be  ahered  to  Ht 
daily  temperatures  in  an  area  of  interest  area,  with  favorable  results.  As  meatamed  e^ier,  if  the  temperature  range 
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FIgur*  5-4.  Winter  DMSP/summer  NOAA. 


By  autumn,  surface  temperatures  cool  to  the  point  at  which  dust  is  lost  between  slopes;  surface  temperature  on  the 
enhancement  needs  to  be  lowered  to  C,  with  the  top  at  4-5°  C.  To  keep  the  cooler  data  visible,  the  slope  was 
extended  from  +4.5°  C  to  -37°  C,  with  flat  areas  between  -15°  C  and  -20°  C  and  between  -28°  C  and  -33°  C  to 
enhance  jet-stream  cloud  decks.  This  curve  worked  extremely  well  through  the  autumn  until  still  cooler 
temperatures  again  distorted  surface  detail  and  dust  depiction.  Anomalies  such  as  large  sheets  of  surface  area 
changed  colors  as  temperatures  fell  between  slopes.  The  usual  white  appearance  of  the  dust  suddenly  reverse  to  dark 
gray  when  the  dust  moves  over  water  at  a  coastline.  This  was  assumed  to  be  caused  by  contamination  of  the  satellite 
sensor  by  relatively  warmer  water  temperatures-see  Figure  5-5. 


Flgur«5-5.  NOAA  transition  MMton«nhene«iiMieunr». 


These  curves  can  also  be  used  at  different  limes  of  the  day  by  matching  icmpenNiae  ranges  of  the  curve  to  that  lime 
of  day.  This  allows  for  the  acquisition  of  some  useful  dau,  particularly  in  the  evening  and  at  night  when  the  cooler 
land  does  not  show  much  contrast  due  to  radiational  cooling.  The  contrast  between  wanner  water  and  the  cooler 
dust  plume  will  relleci  well,  however. 

The  winter  enhancement  curve  (Figure  9-6)  lowers  the  base  temperature  to  C  to  retain  as  mucii  detail  as 
possible  in  the  southern  desens;  this  temperature  is  .still  low  enough  to  work  in  the  cooler  air  over  North  Africa  and 
the  Middle  East.  Some  detail  is  lost  over  the  equatorial  area,  however,  as  the  tcmpeniufes  are  too  low.  The  top  of 
the  slope  was  pul  at  ■10*’  C  using  the  assumption  that  .surface  temperatures  would  aot  be  losver  than  from  4-5*'  C  to 
4’ 10°  C  across  mos*  of  the  region.  The  additional  cooler  .slope  was  kept  from -103°  C  to -60°  C.  The  winter  curve 
can  double  as  a  nighttime  enhancement  for  NOAA  imagery. 
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The  wiraer  curve  brings  back  most  of  the  sand  detail  across  die  desert  areas,  with  improved  detection  in  the  cool 
sector.  The  wide  temperature  range  during  winter  Torces  the  analyst  to  decide  which  data  is  more  important-lhat 
from  the  southern  or  the  northern  portion.  Although  some  modirication  can  be  done,  be  careful  not  to  flatten  the 
sand  slope  or  some  detail  will  be  lost.  With  this  curve,  lowering  temperatures  to  about  a  base  of  -f  IS°  C  further 
enhances  the  cold  air  section  (such  as  behind  fronts)  to  bring  out  more  contrast  in  the  dust  ana  surface  deuiil.  This 
sacrifices  data  in  the  south,  however. 


The  first  attempts  at  converting  NOAA  enhancement  tables  for  use  widi  DMSP  began  with  F-8  data.  DMSP 
imagery  has  a  smaller  thermal  window  than  NOAA  imagery,  a  fact  that  causes  problems  in  trying  to  convert  the 
imagery  to  the  enhancement  curves.  The  DMSP  transition  curve  base  temperature  is  -f  1 1.44°  C  as  compared  to 
NOAA’s  +30°  C.  The  top  temperature  of  +5°  C  for  NOAA  became  -12.09°  C  for  DMSP.  The  DMSP  F-8  imagery 
was  enhanced  to  the  point  of  appearing  like  thermal  fme  data  in  the  cold  sector,  while  the  warm  sector  was 
obviously  blacked  out  with  the  ba.se  temperature  of  -fl  1.44°  C. 


The  corrected  winter  curve  for  DMSP  imagery,  di.scussed  earlier,  was  shown  in  Figure  3-4.  This  curve  tested 
successfully  on  both  DMSP  F-8  ATS  in  the  morning  houn  and  DTS  in  the  evening  hours.  It  also  tested  well  on 
DMSP  F-9  DTS  data  in  the  late  nigiu  hours.  It  was  also  successfully  tested  and  used  as  a  transition  season  nighttime 
curve.  Again,  use  caution  in  interpreting  nighttime  imagery;  the  nocturnal  radiational  cooling  in  the  boundary  layer 
of  the  atmosphere  reduces  the  conuast  between  land  surfaces  and  blowing  dust. 
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The  final  curve  developed  was  the  DMSP  summer  enhancement  shown  in  Figure  5-7.  This  curve  was  tested  on 
DMSP  F-9  ATS  in  the  late  morning  hours.  The  base  temperature  was  set  at  the  highest  possible  for  F-9  (+36.4°  C) 
with  the  characteristically  steep  slope  to  +10.5°  C.  A  second  slope  from  +10.0°  C  to  -40.3°  C  allowed  for  detail  in 
the  lower  temperatures.  Nodal  times  on  F-9  made  it  unreliable  for  finding  dust,  except  for  early  detection  of  the 
dust  plume  associated  with  the  s''mmcr  shamal. 


One  of  the  keys  to  using  enhanced  imagery  successfully  is  to  keep  a  conunl  sti  for  (fistinguishtng  geographical 
feautres  from  dust  signatures.  Ideally,  one  cloud-free  view  in  each  chaand  should  be  set  aside  to  detect 
exuaordinary  features.  If  an  unusual  feature  is  noted  in  the  infrared,  it,  loo,  can  be  checked  against  the  coni'  >1  set  to 
sec  if  it  is  a  permanent  terrain  feature  or  a  thermal  irregularity  at  the  surface. 
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5.2  COMPOSITE  IMAGERY 

Another  way  of  enhancing  the  appearance  of  blowing  dust  on  satellite  imagery  is  by  taking  advantage  of  different 
satellite  channels.  Although  visual  imagery  produces  a  good  dust  signature  over  a  darker  water  body,  it  doesn’t 
show  much  over  land,  where  the  color  of  the  dust  closely  matches  terrain.  On  the  other  hand,  the  thermal  imagery 
can  detect  a  dust  plume  over  land  to  a  fair  degree  because  the  lifted  dust  ap^^ears  slightly  cooler  than  the  desert 
surface  below.  When  dust  moves  over  water,  the  lower  sea  surface  temperature  closely  matches  the  temperature  of 
the  dust  cloud,  making  detection  difficult,  even  im|K)s.sible.  A  technique  for  merging  the  two  channels  into  a  single 
composite  image  (Lee,  1989)  allows  the  best  of  the  two  images  to  be  used. 

Composite  images  are  created  by  an  image  processing  station,  where  an  imaginary  line  can  be  placed  at  the  coastline 
to  separate  the  imagery.  In  the  visual  image,  all  data  over  the  land  mass  is  eliminated  or  blacked  out  by  reducing  all 
pixels  of  data  to  0.  In  the  infraied  image,  the  same  procedure  is  performed  to  eliminate  all  the  data  over  the  water 
body.  The  two  half  images  are  then  merged,  pixel  by  pixel,  to  form  a  composite  that  reveals  a  continuous  image  of 
the  dust  plume  extending  from  the  land  and  over  the  water. 

The  composite  image  is  not  enhanced;  it  simply  takes  the  best  portions  of  both  pictures  to  provide  a  useful  image. 
Another  u.se  of  this  technique  would  be  to  run  one  enhancement  curve  for  the  land-mass  temperatures  and  a  second 
for  the  water  body  (to  match  its  cooler  temperature),  then  merge  the  two  to  produce  a  continuous  enhanced  image. 
Still  another  option  would  be  to  run  separate  enhancement  curves  in  front  of  and  behind  a  frontal  system  to  match 
the  air  mass  temperatures,  then  merge  them  to  form  a  composite. 

5.3  HISTOGRAMS 

The  histogram  is  another  type  of  linear  contrast  enhancement  performed  on  satellite  imagery.  The  pr(Ke.ss  is  done 
usually  by  an  imagery  proce.ssing  statuTn,  but  .some  small  computers  are  capable  of  it  as  well.  The  procedure 
enhances  a  selected  section  of  a  satellite  aiage  using  a  full  spectrum  of  contrast  (0-255)  on  a  smaller  area.  It  is 
relatively  quick  and  easy.  The  image  cau  be  quickly  enhanced  to  show  the  features  of  a  warm  .sandstorm,  then 
changed  to  show  another  feature.  The  e.  hancemeni  is  not  based  on  temperature;  instead,  the  original  image’s 
contrast  is  expanded  to  increase  the  d.r',i.|  The  enhancement  slope  extends  from  U  (a  near  vertical  slope  of 
maximum  enhancement)  to  100.  v/hicli  :  ■  a  small  angle  off  the  horixonial,  with  minimum  enhancement.  The  slope 
can  be  adjusted  to  any  value  between  ■■'■.'2  lOO.  The  versatility  of  this  procedure  is  .speed  with  which  it  can  convert 
from  one  enhancement  to  another.  If  enhancement  is  needed  in  a  warm  section  of  the  imagery,  that  area  is  simply 
.specified  to  the  computer  and  the  enhancement  is  made.  If,  for  example,  the  designated  section  only  had  black  (0) 
and  medium  gray  (125)  shading,  the  black  is  still  black  (0)  and  the  medium  gray  is  now  white  (255)  after  the 
enhancement  is  run. 

This  procedure  can  be  used  for  all  types  of  imagery  because  a  thermal  radiomeuic  table  is  not  required  to  base 
temperatures  on.  This  expands  the  applicatkm  to  most  satellite  types  received  and  input  into  the  system.  In  addition 
to  thermal  data,  the  procedure  can  be  used  in  visual  imagery  to  enhance  available  light  and  make  the  imagery  useful 
during  low  sun  angle  periods  (sunri.se  or  sun.set).  It  is  also  helpful  in  increasing  contrast  in  moonlight  visual 
imagery. 
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Figure  6-2.  The  blowing  dust  from  Figure  6-1  Is  shown  here  3  days  later,  nie  dusi  has  pushed 
southward  with  the  cold  front  into  the  northern  Arabian  Sea.  All  that  remains  of  the  frontal  cloudiness  is  a  narrow 
rope  cloud  over  the  water.  A  cyclonic  circulation  is  evident  in  the  dust  near  Masirah,  Oman.  Denser  plumes  of  dust 
can  be  seen  blowing  off  the  southern  coa.st  of  Iran  into  the  Gulf  of  Oman.  DMSP  R  ALF  R+8  22/0.‘>()6Z  OCT  1984 
REV  4813  NODAL  76. 1 5E. 
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Figure  6-4.  The  afternoon  Image  of  the  strong  spring  cold  frontal  sandstorm  shown  In  Figure  6-3. 

It  now  shows  the  storm,  with  a  sm(;ky  opaque  appearance,  covering  most  of  the  northern  Arabian  Peninsula.  Where 
plumes  are  visible,  they  extend  from  the  southwest  to  northeast  even  though  the  dusLstonn  is  postfrontal.  Along  the 
leading  edge  of  the  front,  cumulus  is  forming  over  northeastern  Saudi  Arabia.  To  the  north.  Lakes  Tharthar  and 
Milh  in  central  Iraq  are  fairly  clear.  NOAA7  R*  1 1  ALS  KVI I42Z  APR  1984  REV  145 1 S  NODAL  S7.68E. 
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Flgura  Th«  Infnirwf  (IR)  vtrslon  of  FIguro  e-4  ohowt  both  ttio  oxtont  of  ttio  dust  and  tha 
cumulut  formation  battar.  Dust  plumes  arc  more  obvious  across  the  imtheni  peniasula.  They  appear  to  follow 
the  5(NI-mb  flow  closely,  with  the  trough  extending  just  west  of  the  plumes.  Note  the  cirrus  over  the  Red  Sea 
moving  toward  the  southeast.  NOAA7  R-rl  I  ATS  16/1 142Z  APR  1984  REV  I4SIS  NODAL  57.68E. 
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FIgura  6<4.  A  normal  IR  shot  across  csntral  Africa  shows  ths  sxtsnt  of  blowing  dust/sand 
assoclatsd  with  ths  almost  parmanant  wintar  shaar  Hna  In  this  araa.  Note  Lake  Chad  just  to  the  south 
of  the  sand.  Cooler  air  is  seen  as  the  lighter  shaded  areas  to  the  northeast  of  the  front  NOAA9  R-«-l3  ATS 
27/I306Z  DEC  1985  REV  5362  NODAL  21.62E. 


FIgur*  7-1.  Narrow  plumat  of  dual  ara  aaan  in  ttia  aarty  atagaa  of  a  aummar  alwinal  duatatorm  In 

aouthaaatam  Iraq.  The  plumes  originate  from  pinpoint  .source  regions  in  Iraq  and  extend  southward  into  Kuwait 
and  the  northern  Persian  G.  If.  These  plumes  are  sometimes  difficult  to  locale  on  light  data,  but  are  easily  detected 
in  this  IR  image.  NOAA7  R^-l  I  ATS  08/t  I44Z  AUG  1984  REV  16123  NODAL 60.03E. 
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Figure  7-2.  The  IR  version  of  the  Image  in  Figure  7-1  detects  the  light  colored  plumes  of  dust  In 
Iraq  moving  ove’’  the  moister  and  darker  shaded  surface  areas.  Note  the  sungiint  on  Lakes  Thaithar  and 
Milh  in  Iraq,  an  dong  the  eastern  shores  of  the  Tigris  River  near  Baghdad.  NOAA7  R+l  I  ALS  08/1 144Z  AUG 
1984  REV  16125  .  >DAL  60.()3E. 
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Flpur*  7*3.  An  afttmoon  light  shot  acroaa  tiia  Arabian  Paninaula  ahowing  tha  typical  aummar 
ahamal  phiniaa  axtanding  from  aouthaaatam  Iraq  to  tha  aouth  Into  Kuwait  and  tha  northarn 
Paralan  Gulf.  Dust  can  also  be  seen  blowing  off  the  hom  of  the  peninsula  toward  ihc  west  into  the  Persian  Gulf. 
More  dust  i.s  seen  extending  into  the  northern  Arabian  Sea.  NiHc  the  sunglint  to  the  northeast  of  Cyprus.  A  single 
CB  can  be  .seen  over  the  Hajar  Mountains.  NOAA9  R+ 1 2  ALS  2.V1 2(I0Z  AUG  1987  REV  l.W  10  NODAL  47.WE. 
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FIgur*  7*5.  Th«  •nhanc«d  IR  Imaga  of  lha  pravloua  two  hnagaa  (FIgutaa  7*3  and  7-4).  h  i^ain 
increases  the  amount  of  du!!i  that  can  be  seen.  In  this  shot,  the  dust  extends  farther  north  along  the  Euphrates  river 
plains  into  central  Syria.  The  general  circulation  of  a  large  low-pressure  area  can  he  made  nut  in  southeastern  Saudi 
Arabia  just  south  of  the  Persian  Gulf.  NOAA9  Rs-12  ATS  TW60  2S/I2(NIZ  AUG  1987  REV  1391(1  NODAL 
47.63E.  Note;  the  enhanced  portion  of  this  .sh«)t  is  from  38°  C  to  10°  C. 
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Figure  8-1.  A  well-developed  duststorm  over  the  southeastern  Arabian  Peninsula  Is  seen 
circulating  Into  a  low-pressure  area  In  the  Monsoon  Trough.  Although  the  low  sun  angle  of  this  sunrise 
ascending  light  fine  satellite  shot  aids  in  observing  the  dust,  it  creates  problems  on  the  edges  of  the  pass  where  glare 
obscures  the  data.  F6  ALF  R+9  25/0258Z  JUN  1985  REV  13080  NODAL  50.67E. 
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Figure  8-2.  A  nighttime  pass  under  a  full  moon  creates  some  excellent  visual  Imagery.  The 

presence  of  a  major  dusistorm  circuladng  into  a  low-pressure  area  associated  with  the  monsoon/thcmial  trough  can 
be  seen  in  central  Saudi  Arabia.  Note  the  abundance  ttf  stratus  along  the  !nuthca.stcm  Arabian  coast  and  Pakistani 
coasts;  this  is  associated  with  cold  water  iipwclling  in  the  northern  Arabian  Sea  induced  by  the  strong  southwest 
monsoon windnow.  DMSPF7R+I  DLS 25/1 852Z AUG  1985 REV 9I80NODAL48.8IE. 
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Figure  8-3.  A  sunrise  expanded  light  shot  of  a  large-scale  duststorm  that  has  circulated  Into  a 
low-pressure  area  associated  with  the  monsoon/thermal  trough  over  the  southeastern  Arabian 
Peninsula.  Streaks  of  cirrus  and  associated  shadows  can  be  seen  extending  over  the  dust.  Again,  the  low  sun 
angle  creates  almost  unusable  imagery  on  the  eastern  edge.  DMSP  F6  R+9  ALF-X2  I2A)258Z  JUL  1984  REV  808.*) 
NODAL  5().I6E. 
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Figure  8-4,  An  afternoon  light  Image  across  northwestern  Africa  shows  little  or  no  visible  dust, 
but  an  area  of  slightly  lighter  than  normal  shading  can  be  seen  on  the  west  side  of  tfie  imaae 

NOAA9  R+  I  t  ALS  I8/I454Z  AUG  1987  REV  13813  NODAL  6.78E. 
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Figure  8-5.  The  normal  IR  counterpart  of  the  Image  shown  In  Figure  8-4  shows  a  narrow  band  of 
blowing  dust  on  the  west  side  of  the  Imagery.  This  indicates  enough  curvature  between  the  sand  and 
cumulus  to  the  cast  to  aid  in  analysing  a  low-pressure  area.  Dust  also  extends  fixtin  the  Spanish  Sahara  to  the  south 
along  the  west  side  of  the  low  circulation.  NOAA9  R+13  ATS  I8/I454Z  AUG  1987  REV  13813  NODAL  6.78E. 
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Figurt  8-6.  The  enhanced  IR  of  the  prevloua  two  Imagee  (Flguiea  8-4  and  84)  ftirther  Increaaea 
the  amount  of  duet  that  can  be  aeen.  This  image  shows  a  dramatic  bw-ptessure  circulation  with  dust 
blowing  arouiKl  a  center  comparable  to  the  eye  of  a  hurricane.  NOAA9  R+13  ATS  TW60  I8/I454Z  AUG  1987 
REV  13813  NODAL  6.78E.  Note:  the  enhanced  portion  of  this  .shot  is  from  38°Clo  10°  C. 
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10.  EXAMPLE  SATELLITE  IMAGERY-MOUNTAIN  GAP 


FIgura  10*1.  Dense  dust  Is  seen  blowing  from  Sudan  through  the  Tokar  Gap  Into  the  Red  Sea.  A 

clear  day  with  no  sand  or  dust  activity  across  the  Arabian  Peninsula  makes  a  good  control  picture  U)  compare  to 
future  blowing  dust  occurrences.  DMSP  F7  R+9  ALS  I8A)652Z  JUN  1986  REV  1 3391  NODAL  46.87E. 


FIgurt  11-1.  A  postfrontal  anhanetd  IR  hnaga  across  tha  noittiam  Arabian  Paninaula.  This  was  one 
of  the  early  lest  images  using  the  enhancement  curves  on  DMSP  imagery;  the  curve  created  detail  on  the  surface 
comparable  to  line  imagery.  Note  die  sharpness  of  the  rivers,  lakes,  and  terrain  patterns  in  Irag.  The  curve  also 
picked  up  Baghdad,  a  dark  spot  showing  the  warmer  city  surrounded  by  cooler  terrain.  DMSP  F8  R't-9  ATS  TW-61 
29A)3I2Z  DEC  1987  REV  2712  NODAL  44.76E. 


FIgurt  11-2.  An  afternoon  light  Imago  across  northoastorn  Africa  wHh  no  dust  visible.  Note  the 
sunglint  over  the  central  Mediterranean  Sea  asscK'iatcd  with  high  pressure  to  the  north  of  Libya.  NOAA9  R+12  ALS 
02/1322ZJUL  1987  REV  13 149  NODAL  2.1.47E. 


FIgurt  11*3.  Th*  normal  IR  eounttrpart  of  tha  bnaga  In  Flgura  11*2.  li  is  almost  toially  Mack  from  the 
extreme  heat  across  the  desert.  Some  dust  is  visible  in  nurtheastem  Sudan.  NOAA9  R'f  12  ALS  02/1. 122Z  JUL 
1987  REV  1.^149  NODAL  25.47E. 
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Figure  11*4.  The  enhanced  IR  version  of  the  previous  two  images  (Figures  11-2  and  il-3) 

increases  the  amount  of  dust  Vislbie.  it  aiso  indicates  several  possible  small-scale  circulations  in  the  dust, 
useful  for  analysis  in  Sudan.  NOAA9  R+12  ATS  TW60  U2/I322Z  JUL  1987  REV  1 3 149  NODAL  25.47E.  Note: 
the  enhanced  portion  of  this  image  is  from  38°  C  to  IU°  C. 
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